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ABSTRACT 
 Full Name : Abdelrahman Izzeldin Hassan Hussain 
Thesis Title : Enhanced Propylene Production by Catalytic Cracking of Hydrotreated VGO over Novel FCC Catalyst Additives 
Major Field : Chemical Engineering 
Date of Degree : September 2015 
 
Fluid catalytic cracking (FCC) process is a source of considerable amounts of global 
propylene as well as gasoline. Its product distribution is increasingly shifting to maximize 
propylene yield in order to meet high demand from petrochemicals users. 
In this study, catalytic cracking of hydrotreated vacuum gas oil (VGO) was carried out in 
a microactivity test (MAT) unit. Commercial FCC USY catalyst (E-Cat) was used and 
modified by various zeolites with different pore structures and different Si/Al molar ratio. 
These zeolites included SSZ-74, SSZ-33, MCM-22, MCM-36, ZSM-5, TNU-9, IM-5, 
and ferrierite. At constant conversion and comparable Si/Al molar ratio, the highest 
propylene yield of ~11 wt.% was achieved over ferrierite and MCM-36 compared with 7 
wt.% over E-Cat. An increase in light olefins yield over all additives was associated with 
a decrease in gasoline yield due to the cracking of gasoline-range reactive species. It was 
found that additives with lower ability to carry bimolecular reactions were more selective 
to light olefins. With increasing Si/Al molar ratio, both propylene and light olefins yields 
passed through maxima. Results of kinetic study showed that the additives helped to 
decrease activation energy for the cracking reaction of gasoline to gases. 
  
  vix
 ملخص الرسالة
   ٥١٠٢سبتمبر :تاريخ الدرجة العلمية    هندسة كيميائية التخصص:    التكسير المميع للزيت الفراغي عن طريق إضافات حفازات  ليات التكسير الحفزيعم تحسين إنتاج البروبلين من عنوان الرسالة:    حسين حسن عبدالرحمن عزالدينالكامل:اﻻسم     
تعتبر عملية التكسير الحفزي من العمليات اﻷساسية في صناعة تكرير البترول. حيث أنها أحد المصادر المهمة 
لبروبلين, تتواصل الجهود  لتحويل ناتج مع ازدياد الطلب العالمي لو. إلى جانب الجازولين لﻺنتاج مادة البروبلين
  .لتلبية إحتياجات الصناعة البتروكيماوية لزيادة إنتاج البروبلين عمليات التكسير الحفزي
يث تم . ح)TAM(في وحدة تفاعل كيميائي من نوع  إجراء التكسير الحفزي للزيت الفراغي في هذه الدراسة, تم
في مصافي البترول كأساس وتم تحسينها عن طريق اضافة مواد زيوﻻيتية ذات تراكيب  خدام حفاز مستخدمإست
ZSS-ZSS ,47-MCM ,33- ,22. وتضمنت اﻹضافات كل منمختلفة وذات نسب سيليكا إلى ألومينا متفاوتة
لومينا متقاربة, أعلى عند نسب سيليكا الى ا أظهرت النتائج .etireirrefو  MCM-MSZ ,63-UNT ,5-MI ,9-5
 etireirrefو  MCM-63وتحصل عليها من زيوﻻيت من نوع  %.tw11نسبة بروبلين في المنتج النهائي كانت 
عن طريق تكسير إضافي  وتمت زيادة إنتاج اﻷلوفينات الخفيفة (.للحفاز اﻷساسي )غير المحسن %.tw 7مقارنة ب 
أن المواد الزيوﻻيتية ذات القدرة الضعيفة لتنشيط تفاعل أنتقال  الجازولين. وتبين للمواد النشطة الموجودة في
زيادة نسبة السيليكا الى اﻷلومينا ذو فعالية في إنتاج البروبلين  وجد أن .جين, ذات إنتاجية أعلى للبروبلينالهيدرو
أن  ر الحفزي للزيت الفراغيلتكسيدراسة حركية تفاعل او أوضحت نتيجة لتثبيطها تفاعل أنتقال الهيدروجين. 
تكسير الجازولين للمنتج الغازي.الزيوﻻيتية قادرة على تقليل طاقة التنشيط الﻼزمة لتفاعل  اﻹضافات
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1 CHAPTER 1 
INTRODUCTION 
1.1 Background 
Propylene is an important building block for the petrochemicals industry. It is used in the 
production of polypropylene, propylene oxide, acrylo-nitrile, cumene, acrylic acid and 
other products [1,2]. Global demand for propylene increased from 65 million ton/year in 
2009 to 84 million ton/year in 2013, and it is anticipated to reach 120 million ton/year by 
2022 [3]. The high demand for propylene built a supply issue which is the reason for 
increasing propylene prices. Figure 1 shows global propylene production growth. Over 
90% of propylene is obtained as by product from either steam cracking of hydrocarbons 
or fluid catalytic cracking (FCC) of vacuum gas oil (VGO). FCC units contribute about 
35% to the global propylene production capacity and steam cracking produces about 50% 
[4,5]. The reminder of propylene is coming from on-purpose technologies. In light of the 
market conditions and the capability to achieve elevated propylene yield in an FCC unit, 
there is a desire to maximize propylene yield from these units to overcome the future 
supply gap.  
 Figure 2 shows the most important propylene derivatives. About two third of propylene 
is utilized in the production of polypropylene. Polypropylene became the leading polymer 
in manufacturing a variety of consumers and industrial products. For instance, 
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polypropylene accounts for a one third of plastics used in automobiles. It is used in 
electronic and electrical applications, toys, clothing, pipes and many other products. 
 
 
 
Figure 1 Propylene production capacity[3] 
 
 In the 1990s, polypropylene substituted other polymers due to its less expense which is 
driven by low propylene prices. This caused an increasing demand for polypropylene at 
10% per year. However, in the recent years with the increase in propylene cost, 
polypropylene prices became in the same level of other polymers. The growth in 
polypropylene demand is now anticipated at average of 5% per year [6]. 
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Acrylonitrile is the second derivative of propylene consumption. Its uses vary from 
elastomeric polymers to fiber applications. Acrylic fibers are the largest outlet of 
acrylonitrile. 
 
 
Figure 2 Propylene derivatives [6] 
 
  
1.2 Main routes for propylene production 
1.2.1 Steam Cracking 
Steam cracking is the main route to produce propylene and other light olefins. Ethylene is 
produced as a main product while propylene as a byproduct. Steam cracking reactions 
Polypropylene67%
Acrylonitrile8%
Oxo-Alcohols7%
Propylene Oxide6%
Cumene4%
Acrylic Acid4% Others4%
4  
involve hydrocarbons bond breaking and is highly endothermic. Considerable amount of 
heat is required to derive the reaction to olefins production. Typical feedstocks for steam 
crackers are ethane, naphtha and LPG. The reactions favors high temperature and low 
pressure, for this, superheated steam is used to reduce hydrocarbons partial pressure. 
Steam crackers consist of several pyrolysis furnaces where, the feed is cracked in 
presence of steam. Typical operating conditions are 750-800 oC and 1-1.2 atm. The ratio 
of steam/hydrocarbons is around 0.5 and depends on the type of feed used wither gas or 
liquid. Steam crackers do not provide full control on propylene to ethylene ratio (P/E), 
the maximum value that can be obtained is 0.65. Above that, a severe drop in total light 
olefins occur which cause significant economical drawbacks. 
1.2.2 Fluid Catalytic Cracking (FCC) 
Fluid catalytic cracking process was originally developed to promote gasoline production 
by processing vacuum gasoil (VGO) and, in some cases, other feeds such as atmospheric 
reside. As the market conditions evolve, FCC units are being optimized to produce light 
olefins (mainly propylene). Conventional FCC units produce approximately 4 wt.%-6 
wt.% propylene. Revamping operating conditions and catalyst system enhance propylene 
yield by 5 wt.%. However, new emerging FCC processes enabling over 20 wt.% 
propylene production.  
1.3 FCC process description 
The heart of the FCC unit is the reactor-regenerator section. Figure 3 shows a schematic 
diagram for a typical FCC reactor. The preheated feed is introduced to the bottom of the 
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riser reactor together with a regenerated hot catalyst. The regenerated catalyst cause the 
feed to instantly vaporize and the cracking reactions are taking place in the vapor phase. 
 
 
 
 
 
 
 
 
 
 
Figure 3 UOP FCC reactor-regenerator configuration [7]  
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The cracking reaction is endothermic and the heat required is supplied by the regenerated 
catalyst. The vapors carry the catalyst upward to the top of the riser where the reactions 
are completed. Typical contact time in the riser is 2–3 seconds. From the riser, the 
catalyst-hydrocarbons mixture is discharged to the reactor vessel, where the catalyst is 
rapidly separated from the cracked hydrocarbons through cyclone separation to minimize 
undesired secondary reactions. Reactor effluent is directed to other FCC sections for 
products separation and recovery. The spent catalyst drops from the reactor into a 
stripping section, where some remaining hydrocarbons in the catalyst are removed by 
steam. After that, the spent catalyst moves through a standpipe to the regenerator. 
During the cracking reactions, coke is produced and deposits on the catalyst which causes 
sever catalyst deactivation. The deactivated catalyst (spent catalyst) is reactivated in the 
regenerator by continuously burning the coke off the catalyst using hot air. Coke 
combustion is exothermic reaction and the heat generated is absorbed by the catalyst 
particles to support the endothermic cracking reactions in the riser reactor. The 
regenerated catalyst is then circulated back to the riser reactor. 
1.4 Increasing propylene yield from FCC units 
The main advantage of FCC units is the high flexibility it provides in processing variety 
of low-cost hydrocarbons feedstocks and product yields. Variety of operating conditions, 
catalyst systems and additives can be tuned to meet current market demands. All these 
aspects make propylene more important to refinery and FCC unit economics. High 
propylene yield from FCC units result from high VGO conversion and selective cracking. 
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In industrial practice, this is achieved by several solutions such as, increasing operation 
severity, naphtha recycle, dedicated FCC catalysts and additives. 
Increasing operation severity i.e. high temperature and high catalyst/oil (C/O) ratio, 
favors the conversion and hence, promote light olefins yield. However, employing high 
reaction temperature has the disadvantage of increasing competing thermal cracking 
relative to catalytic cracking. Thermal cracking is the main source of undesired dry gas. 
Increasing C/O ratio has the advantage of compensating the negative effect of high 
temperature operation. 
The above mentioned solutions to increase propylene yield are more reliable in designing 
new units or revamping existing one. However, the easiest and more efficient method, 
especially for operating units, is the use of dedicated FCC catalyst and zeolite additives. 
The use of specialized catalyst containing ZSM-5 zeolite is a widely used method to 
enhance propylene yield. ZSM-5 additive cracks gasoline range olefins to light olefins 
taking advantage of its shape-selectivity. Figure 4 shows the role zeolite additives in 
increasing propylene yield. Zeolite additives can be combined into the base FCC catalyst 
as an active component in the catalyst matrix or as a separate additive. However, separate 
additives provide more flexibility in changing the ratio between the base catalyst and 
additives. This is important with the changing operating conditions and objectives in 
commercial units [8]. Catalytic cracking processes such as deep catalytic cracking (DCC) 
utilize ZSM-5 based catalyst at sever conditions to enhance propylene yield. The 
enhancement in propylene yield was up to 20-25 wt.% compared to 4-6 wt.% for 
conventional FCC units [9]. 
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Figure 4 The role of zeolite additives in enhancing propylene yield 
 
1.5 Microactivity evaluation of FCC catalyst 
Extensive research and development focused on FCC technology since its invention in 
1940s and up today, proposed quite different formulation of catalysts to meet the ever 
changing operating environments. This made an ongoing and cost effective process for 
evaluating FCC catalyst very essential. In this regard, the main tool that is extensively 
used in FCC catalyst evaluation is the Microactivity Test (MAT) unit. This method 
provides simple and quick technique with reproducible results. The unit is very cost 
effective as it only needs few grams of catalyst and oil feed compared to pilot plants, 
where larger amounts of testing materials are required. MAT unit provides the benefit of 
accessing catalyst activity and selectivity independently of other operating variables in 
FCC unit. Furthermore, MAT unit is used to assess the reactivity of different 
hydrocarbons and process variables such as temperature and C/O ratio. 
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Due to different fundamentals between MAT and commercial units, the absolute yields 
obtained from MAT runs cannot be used directly to predict catalyst performance in 
commercial units. However, it provides means to distinguish the performance 
characteristics of different catalysts when the data are used in comparative manner. 
Detailed description and methodology of catalyst evaluation using MAT is provided in 
Chapter 3. 
1.6 Thesis objective 
The primary objective of this work is to investigate the performance of a series of zeolite 
materials having different acidic and textural properties as FCC catalyst additives to 
enhance propylene yield. 
The specific objectives are: 
1. Investigate the effect of zeolite pore topology on catalyst activity and selectivity. 
2. Investigate the effect of zeolite Si/Al molar ratio on propylene selectivity. 
3. Study the effect of pore topology and Si/Al molar ratio on activation energies in 
VGO catalytic cracking. 
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2 CHAPTER 2 
LITERATURE REVIEW 
2.1 FCC catalyst 
Historically, developments in catalytic cracking catalyst introduced significant advances 
to process technology [10]. Increasing the catalyst efficiency continuously changed the 
type of reactors employed in the process. Catalyst activities were raised significantly over 
the years and units were redesigned to take full advantage of emerging catalyst 
technologies [11,12]. New design changes utilized the feed riser as a sole conversion 
vessel; and the fluidized-bed as a stripper to separate the catalyst from the products.   
Commercial FCC catalysts are in the form of spray-dried spherical particles. These 
catalysts are used in acidic matrix consists of 30-40% zeolite material. Other components 
of the catalyst matrix include filler and binder to provide physical integrity and 
mechanical strength to resist process severe conditions and fluidization [7]. Zeolite is the 
key component in FCC catalyst; it determines the product selectivity and accounts for 
most of the catalyst activity. As a result, the catalyst performance depends greatly on the 
type and quality of the zeolite used [13]. 
Zeolite X and zeolite Y were used in FCC catalysts since 1960s [10,14]. While both have 
the same crystalline structure, zeolite Y has higher Si/Al molar ratio, greater 
hydrothermal stability and better selectivity than zeolite X. For these properties, zeolite Y 
became the dominant zeolite for FCC catalyst [14]. Y zeolite is a three dimensional 
zeolite contains super cages (1.3 nm diameter) accessible through 12-membere ring with 
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0.74 nm diameter. Most of the catalytic activity occurs in these cages. The large pore 
structure of Y zeolite allows the processing of large molecules of heavy feedstocks [15]. 
Furthermore, it provides high surface area and sufficient acidic character required for 
catalytic cracking reactions [16]. In order to balance the activity, stability and product 
quality, Y zeolite was used in several forms such as; Ultrastable Y (USY) and rare earth 
exchanged Y zeolite (RE-USY) [10,17]. USY FCC catalysts produce more light olefins 
and higher octane gasoline compared to RE-USY. However, RE-USY catalyst has better 
activity and stability than USY catalyst [14,15]. 
2.2 Reaction mechanism 
Catalytic cracking reactions follow carbonium ion mechanism [18]. Carbonium ion is 
generated from both Brønsted and Lewis acid sites [18,19]. Brønsted acid site forms 
carbonium ion from donation of a proton to an olefin molecule: 
R-CH=CH-CH2-CH3 + H+ (a proton from Brønsted acid site) → R-C+H-CH2-CH2-CH3 
Lewis acid site form carbonium ion from removal of an electron from paraffin molecule: 
R-CH2-CH2-CH2-CH3 (removal of H- at Lewis site) → R-C+H-CH2-CH2-CH3 
After forming the carbonium ion, the reactions proceed through carbonium ion 
intermediates. These reactions include primary reactions (cracking of carbon-carbon 
bond) and secondary reactions of the cracked products. Figure 5 summarizes main FCC 
reactions according to molecular description. From this set of reactions, the most 
important ones are: 
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Figure 5 FCC main reactions [20] 
i) Cracking reactions  
Cracking of carbon-carbon bond (β-scission) is a monomolecular reaction favored at high 
temperatures. Long chain hydrocarbons are more active than short chain hydrocarbons. 
The rate of cracking reaction decreases with the decrease in chain length [18,20]. β-
scission produce initially olefins as a product and new carbonium ion to continue the 
chain reactions. 
ii) Hydrogen transfer reactions 
Hydrogen transfer reactions are bimolecular reactions require the reactants to be in close 
proximity to a strong acid sites. These reactions hydrogenate olefins to paraffins and 
aromatics in two suggested pathways: 
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1. Two olefins are adsorbed on two close active sites. One olefin forms a paraffins 
and the other olefin forms cyclo-olefin. Cyclo-olefin is then hydrogenated with 
another olefin to paraffin and aromatic. Chain reaction then stops due to the 
extreme stability of aromatics. 
olefins → paraffins + aromatics 
2. Naphthenes donate hydrogen and react with olefins to paraffins and aromatics. 
olefins + naphthenes → paraffins + aromatics 
Since olefins are the most reactive species in gasoline fraction, hydrogen transfer 
reactions reduce gasoline overcracking and increase its stability [21].  
iii) Coke formation 
Coke formation do not affect propylene yield directly. However, it is with great impact 
on FCC operation. During catalytic cracking reactions, part of the feed is converted into 
coke. Coke formation causes deactivation of the catalyst by pore blockage, which limits 
the access to active sites [22]. The chemistry for coke formation is complex and not fully 
understood [10]. However, researchers found several factors affecting coke formation. 
Increases in acid sites density of the catalyst promote coke formation and causes faster 
deactivation [22,23]. Coke is easily formed in zeolites with large pore openings and 
cages. Severe catalyst deactivation is reported over zeolites having large cages accessible 
through small pores [24,25]. Also, zeolites with one dimensional pore structure exhibit 
faster deactivation. If the channel is blocked at any point, the whole channel becomes 
inactive [24,26]. This was observed over mordenite zeolite. For this reason, three 
dimensional zeolites are favorable in FCC reactions. This type of structure minimizes 
diffusion limitations caused by coke deposition [27]. 
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From the above reactions chemistry, researchers found that the key feature to increase the 
production of light olefins in FCC process is to preserve the olefinic products resulting 
from beta scission primary cracking reaction [25,28]. Primary olefins are less stable and 
can be easily consumed through bimolecular reactions such as cyclization and hydrogen 
transfer reactions [23,25]. For this reason, The suppression of competing secondary 
reactions is critical for maximizing light olefins yield in FCC unit [24]. Since, 
bimolecular reactions are influenced by zeolite acidic properties and pore structure; they 
play a vital role in controlling product distribution. 
2.3 Zeolite acidic properties 
Zeolites activity and selectivity are greatly influenced by their acidic properties such as, 
acid sites type (Brønsted or Lewis), concentration, strength and location. Several studies 
investigated the effect of total number of acid sites on zeolites catalytic behavior [27]. A 
direct correlation exists between number of acid sites and product yields. Zeolites with 
high acid sites concentration produce more LPG and less gasoline. Over zeolites with low 
number of acid sites, the reaction of gasoline-olefins proceeds predominantly through 
isomerization and direct cracking to light olefins. Strong acid sites are needed to enhance 
the overcracking of gasoline to LPG-range olefins. As a result, zeolites with low 
concentration of strongly acid sites are favorable to produce light olefins [29], they 
provide high cracking activity with low hydrogen transfer ability. Many attempts were 
directed to optimize zeolite acidity to enhance propylene selectivity and balance its 
activity. One of the approaches is exchanging zeolites with alkaline earth elements. 
Zeolites were exchanged with several alkali metals such as Mg, Ca and Ba [30,31]. This 
method was effective in reducing acid sites and weakening acid strength. It decreased the 
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readsorption of cracked products such as propylene and ethylene on the acidic surface 
and allowed them to desorp as olefins. Phosphorus modification is one of the most 
common methods applied to zeolite ZSM-5 [13,32]. It significantly improves the 
hydrothermal stability by stabilizing lattice aluminum ions. This allows the zeolite to 
retain large fraction of its acidity after severe steaming [13]. 
Framework tetrahedral aluminum is the source of zeolite acidity. Therefore zeolite Si/Al 
molar ratio has major impact on its performance as catalysts [33]. Lu et al. investigated 
the effect Si/Al molar ratio of ZSM-5 as FCC catalyst additive in the cracking of C4 
alkanes [30]. It was found a decrease in acid sites density and strength with the decrease 
in Si/Al molar ratio, while weak acid amounts increased. The study found that high Si/Al 
molar ratio (>80) was more beneficial in producing light olefins. The hydrogen transfer 
reactions were minimized due to lower number of acid sites. Other studies found that 
high Si/Al molar ratio increased zeolite hydrothermal stability [25,34]. Aluminum 
content extraction is limited due to its low content. This decreases framework collapse 
and hence, provides more stable crystal lattice [34]. 
2.4 Zeolite pore topology 
 Zeolites product selectivity, cracking rates and hydrogen transfer are directly correlated 
to their pore dimension and topology. Despite the effect of zeolite acidic properties and 
Si/Al molar ratio, it is the zeolite pore structure that plays the vital role in product 
selectivity. The historical success of ZSM-5 as FCC catalyst additive to enhance light 
olefins production, boosted investigations of other zeolites with novel topologies. Many 
researchers reported the utilization of different zeolite materials such as TNU-9[35], beta 
[36,37], mordenite[36], SSZ-33 [35], ITQ-13 [38] and MCM-22 [39,40]. While most of 
16  
these zeolites were active enough, ZSM-5 exhibited a higher selectivity towards light 
olefins. Table 1 presents different zeolites structure utilized as FCC catalyst additives 
found in the literature. 
Table 1 Zeolites utilized as FCC catalyst additives 
Zeolite additive Advantages Disadvantages 
ZSM-5  High selectivity to propylene. Low conversion. 
Beta [37] Increased propylene yield and 
middle distillates. 
Fast deactivation. 
SSZ-33 [35] High VGO conversion. Low selectivity to propylene 
and light olefins. 
TNU-9 [35] Increased propylene and light 
olefins yield. 
Increase undesired dry gas 
yield, high gasoline penalty. 
ITQ-13 [38] Improved catalyst shape-
selectivity to propylene. 
High dealumination during 
calcination. 
MCM-22 [40] Good propylene yield 
enhancement with lower gasoline 
loss compared to ZSM-5 
Less active compared with 
ZSM-5 
 
A recent study compared the cracking behavior of heavy fuel oil over ZSM-5 and MCM-
41 as additives to a base FCC equilibrium catalyst [41]. While ZSM-5 produced 62 wt.% 
light olefins, MCM-41 produced only 57 wt.%. The base catalyst produced 45 wt.% light 
olefins. Corma et al. reported the use of IM-5 zeolite in the catalytic cracking of VGO 
and naphtha [42,43]. In both cases, IM-5 showed a higher activity to light olefins 
production than ZSM-5 due to a lower dealumination rate. Bastiani et al. reported the use 
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of ferrierite as FCC catalyst additive to increase light olefins yield [44]. While ferrierite 
was more capable in suppressing hydrogen transfer reactions, ZSM-5 showed a higher 
activity. However, a mixture of the two zeolites gave optimal light olefins production, 
owing to the avoidance of excessive bimolecular reactions and elevated activity. 
It can be concluded from the literature survey that there is always need to increase 
propylene yield from FCC process. Majority of previous work focused on catalyst rout 
and investigated novel zeolites to increase propylene yield. However, there are still 
zeolite structures that have not been investigated such as zeolite SSZ-74. An in-depth 
study that utilizes wide range of zeolite materials to reveal the effects of zeolite pore 
topology and Si/Al molar ratio on propylene yield will be with great importance. 
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3 CHAPTER 3 
MATERIAL AND METHODS 
3.1 Material preparation 
3.1.1 Base catalyst 
The base catalyst was a commercial equilibrium FCC USY catalyst (E-Cat) obtained 
from a domestic refinery. The E-Cat was calcined at 500C for 3 h before further use. 
The textural properties of E-Cat are presented in Table 2. 
 
Table 2 Properties of commercial equilibrium FCC USY catalyst (E-Cat) 
Total surface area (TSA) (m2/g) 135 
Mesopore surface area (MSA) (m2/g) 31.1 
Pore volume (cm3/g) 0.23 
SiO2 54.1 
Al2O3 40.7 
Re2O3 (wt.%) 2.03 
Ni (ppm) Neg. 
V (ppm) Neg. 
Fe (ppm) Neg. 
Unit cell size (UCS) (Å) 24.29 
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3.1.2 Zeolite additives preparation 
Eight different zeolite additives with different topologies: ZSM-5, SSZ-33, SSZ-74, 
MCM-22, MCM-36, Ferrierite, IM-5 and TNU-9 were used in this study. Table 3 
summarizes basic structural features of the zeolites used. 
Table 3 Zeolite structures under study [45] 
Zeolite Code Pore type Member ring Pore diameter (nm) 
Y [a] FAU Large 12 7.4×7.4 
ZSM-5 MFI Medium  10 5.1×5.5; 5.3×5.6 
SSZ-33 CON Large & Medium 12 6.4×7.0; 5.9×7.0 
   10 4.5×5.1 
SSZ-74 -SVR Medium 10 5.5×5.7; 5.2×5.9; 
5.2×5.6 
IM-5 IMF Medium 10 5.5×5.6; 5.3×5.4; 
5.3×5.9; 4.8×5.4; 
5.1×5.3 
MCM-22;  
MCM-36 
MWW Medium 10 4.0×5.5; 4.1×5.1 
Ferrierite FER Medium & Small 10 4.2×5.4 
   8 3.5×4.8 
TNU-9 TUN Medium 10 5.5×6.0; 5.2×6.0; 
5.4×5.5 
[a] zeolite component in the base catalyst (E-Cat) 
Zeolites ZSM-5 and ferrierite were acquired as follows: 
ZSM-5 was acquired from Zeolyst; CBV3024E, nominal Si/Al (Si/Al) = 30 in NH4-form. 
Ferrierite was acquired from Zeolyst (CP914, Lot. No 2200-1) in ammonium form with 
Si/Al = 27.5. 
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Other zeolites were prepared by J. Heyrovský Institute of Physical Chemistry according 
to following procedures:  
SSZ-33 zeolite was synthesized according to the patent of Zones [46]. N,N,N-trimethyl-
8-ammonium tricyclo-[5.2.1.02.6]-decane hydroxide was employed as SDA. The starting 
gel had the following composition: 24.5 SDA-OH:22 NaOH:1Na2B4O7·10H2O :161.5 
SiO2:7000 H2O. The reaction was seeded at the 2 wt.% level with SSZ-33 synthesized in 
the previous run. The reaction gel was prepared from 1.2 M solution of SDA (11.2 g) 
diluted with 61 ml of distilled water and mixed with NaOH (0.48 g), Na2B4O7.10 H2O 
(0.42 g) and SiO2 (5.4 g, Cab-O-Sil M-5). Synthesis was carried out in 90 ml Teflon-
lined autoclaves at 160 °C for 4 days under agitation. Calcination in a stream of nitrogen 
(to 120 °C/2 h, to 540 °C/4 h, to 600 °C/6 h, heating rate 1 °C/min) was performed to 
remove the SDA. Transformation of B-SSZ-33 to Al-SSZ-33 was performed via four-
step reflux in 0.25 M Al(NO3)3.9H2O solution at 95 °C for 3 h. 
High-silica SSZ-74 was synthesized in fluoride medium using 1,6-bis-
(methylpyrrolidinium) hexane hydroxide as the organic SDA [47]. 64 g of SDA-OH 
solution was mixed with 12.6 g of TEOS and allowed to evaporate to the appearance of 
dryness for 5 days. Finally, LZ-210 zeolite (0.2 g) [48] as a source of Al, seeds of SSZ-74 
zeolite (0.1 g), distilled water (3.7 g) and 40% HF (1.3 g) were added and stirred until the 
thick gel was formed. Crystallization proceeded in teflon-lined stainless steel 25 ml 
autoclaves at 170 °C for 6 days under agitation. Calcination was performed in a stream of 
air in stages to 580 °C (at 120 °C for 2 h, at 540 °C for 5 h and at 580 °C for 5 h) with a 
heating rate 1 °C/min.  
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IM-5 zeolite was prepared using the procedure of Corma et al. [49]. Starting gel had the 
molar composition: 10 SDA:17 Na2O:6 NaBr:1.5 Al2O3:60 SiO2:2400 H2O. The organic 
SDA, 1,5-bis-(methylpyrrolidinium) pentane dibromide (22.4 g), NaOH (6.9 g), NaBr 
(3.5 g) and sodium aluminate (1.6 g, 53% Al2O3, 42.5% Na2O) were dissolved in distilled 
water (241.9 g) and the clear solution poured onto 20.2 g of SiO2 (ULTRASIL) and 
stirred for 30 min. Crystallization proceeded in teflon-lined stainless steel 90 ml 
autoclaves at 175 °C for 6 days under agitation. As-synthesized IM-5 was calcined in a 
stream of air at 580 °C for 6 h (heating rate 1 °C/min).  
MCM-22 was synthesized according to the Ref. [50] using the gel with the molar 
composition: 10 HMI:2.5 Na2O:Al2O3:40 SiO2:580 H2O.Ludox LS-30 (309.7 g), sodium 
aluminate (7.4 g, 53% Al2O3, 42.5% Na2O), NaOH (50%, 4.8 ml) and 
hexamethyleneimine (HMI, 43.6 ml) were mixed together and the gel transferred to 
teflon-lined stainless steel 0.5 L autoclave (Parr Instrument) and heated at 143 °C for 4 
days under agitation. As-made MCM-22P was calcined in a stream of nitrogen at 482 °C 
for 3 h (heating rate 1 °C/min) followed by calcination under air at 540 °C for 8 h 
(heating rate 1 °C/min). 
MCM-36 was prepared from swollen MCM-22P by pillaring with TEOS. The synthesis 
of MCM-22P and MCM-36 was based on [50,51]. MCM-22P crystallized from the gel 
composition of: 10 HMI:2.5 Na2O:Al2O3:30 SiO2:580 H2O. Ludox LS-30 (232.3 g), 
sodium aluminate (7.4 g, 53% Al2O3, 42.5% Na2O), NaOH (50%, 4.8 ml) and HMI (43.6 
ml) were mixed together and the gel transferred to teflon-lined stainless steel 0.5 L 
autoclave and heated at 150 °C for 5 days under agitation. Swelling of MCM-22P was 
performed with 25% CTMA-OH (20 ml/1 g of MCM-22P), and stirred overnight at room 
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temperature. Pillaring was carried out with 1 g of dried swollen zeolite in 10 ml of TEOS 
under stirring and heating under reflux at 85 °C overnight. Solids were isolated by 
centrifugation, mixed with water (100 ml/1 g) and stirred overnight. Calcination was 
carried out at 540 °C for 6 h with a heating rate 1 °C/min.  
TNU-9 zeolite was prepared according to literature [52]using the molar gel composition: 
4.5 SDA:11 Na2O:0.5 Al2O3:30 SiO2:1200 H2O. At first, 1,4-bis-(methylpyrrolidinium) 
butane dibromide (48.2 g, SDA), Al(NO3)3.9H2O (10.4 g) and NaOH (24.8 g) were 
dissolved in distilled water (599.4 g).The obtained solution was poured onto 51.8 g of 
SiO2 (Cab-O-Sil M-5) and stirred for 1 day. Crystallization proceeded in 1000 ml 
autoclave (Parr Instrument) at 160 °C for 10 days under agitation. As-synthesized TNU-9 
was calcined in a stream of air at 580 °C for 12 h (heating rate 1 °C/min). 
Framework topology for zeolites under study is given in Figures 6 and 7. 
3.1.3 Catalyst preparation (E-Cat containing additives) 
The NH4-forms of individual zeolites were calcined in a stream of air at 550 oC for 5 h 
with temperature ramp of 3 oC/min to get the H-form. All calcined additives were 
pelletized, crushed and sieved, a fraction of 80-90 micron was taken. Catalysts were used 
as a mixture of 75 wt.% E-Cat and 25 wt.% additive. It was reported that the maximum 
increase in light olefins yield occurs at additive level of 25 wt.% with incremental 
increase in propylene yield [53]. Above 25% conversion of reactive gasoline-range 
species was complete, and the major effect of additive is dilution of the base cracking 
catalyst with severe lose in overall conversion [53]. 
 
23  
 
 
 
FAU MFI 
 
 
 
FER CON 
 
Figure 6 Framework view for FAU; MFI; FER and CON [45] 
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-SVR IMF 
 
 
MWW TUN 
Figure 7 Framework view for -SVR; IMF; MWW and TUN [45] 
 
3.2 Catalyst characterization 
The crystallinity of all samples under investigation were determined by X-ray powder 
diffraction (XRD) using a Bruker AXS-D8 Advance diffractometer with a graphite 
monochromator and a position sensitive detector (Våntec-1) using CuKα radiation in 
Bragg–Brentano geometry. 
Nitrogen adsorption/desorption isotherms were measured using an ASAP 2020 
(Micromeritics) static volumetric apparatus at liquid nitrogen temperature (–196 °C). 
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Prior to the sorption measurements, all samples were degassed with a turbomolecular 
pump at 300 °C for 6 h. 
The size and shape of zeolite crystals were examined by scanning electron microscopy 
(SEM, JEOL JSM-5500LV microscope). For the measurement the crystals were coated 
with a thin layer of platinum (~ 10 nm) in a BAL-TEC SCD-050 instrument. 
The concentration of Lewis (cL) and Brønsted (cB) acid sites was determined after 
adsorption of pyridine (Py) and d3-acetonitrile (ACN) by FTIR spectroscopy using a 
Nicolet Protégé 460 Magna with a transmission MTC/A detector and Nicolet 6700 
instrument equipped with AEM module, respectively. Zeolites were pressed into self-
supporting wafers with a density of 8.0 – 12 mg cm–2 and activated in situ at 450 °C and 
5∙10–5 torr for 4 h. Pyridine adsorption was carried out at 150 °C for 20 min at a partial 
pressure of 3.5 torr, followed by desorption for 20 min at the same temperature. Before 
adsorption pyridine was degassed by freezing-pump-thaw cycles. All spectra were 
recorded with a resolution of 4 cm–1 by collecting 128 scans for a single spectrum at 
room temperature. Spectra were recalculated using a wafer density of 10 mg cm–2. The 
adsorption of d3-acetonitrile was carried out at room temperature for 20 min at partial 
pressure 5 torrs followed by desorption for 20 min. Before adsorption, ACN was 
degassed by freezing and thawing cycles. 
3.3 Catalyst evaluation 
Hydrotreated Arab Light VGO procured from a domestic refinery was used as the feed in 
all MAT runs. For the properties of VGO, see Table 4. The catalytic cracking of VGO 
was carried out in a fixed-bed microactivity test (MAT) unit, manufactured by Sakuragi 
Rikagaku, Japan according to test methods ASTM D-3907 and D-5154. Schematic 
26  
diagram and a picture of MAT unit are given in Figures 8 and 9. For each MAT run, a 
full mass balance was obtained. If the material balance was less than 96% or greater than 
101%, the test was repeated. All MAT runs were performed at a cracking temperature of 
550oC and a time-on-stream of 30 s. Conversion was varied by changing catalyst/oil 
(C/O) ratio in the range of 1.0 to 6.0 g/g, while keeping the amount of VGO (1.0 g) 
constant. After the reaction mode, the stripping of the catalyst was carried out for 11 min 
using 30 cc/min of N2. 
Table 4 Properties of Arabian Light hydrotreated vacuum gas oil 
Property  Value 
Density (g/cm3) (15 oC)  0.896 
Sulfur (ppm)  300 
Nitrogen (ppm)  170 
Saturates (wt.%)  59 
Aromatics (wt.%)  40 
Residue (wt.%)  0.8 
Simulated Distillation (oC) 
Initial boiling point  308 
5%  348 
25%  376 
50%  420 
90%  507 
Final boiling point  568 
 
A thorough gas chromatographic analysis of the products was conducted to provide 
detailed yield patterns and to assess the selectivity of the reaction for different 
catalyst/additives tested. Gaseous products, dry gas (H2 and C1-C2) and LPG (C3-C4) were 
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analyzed using two Varian gas chromatographs (GC) equipped with 50 m (0.32 mm 
diameter) Alumina Plot capillary column and FID/TCD detectors. The amount of coke on 
catalyst was determined by a Horiba carbon analyzer. For liquid products, three different 
cuts were considered: gasoline (C5, 221oC), LCO (light cycle oil, 221–343oC), and HCO 
(heavy cycle oil, +343oC). The weight percentage of liquid products was determined by a 
simulated distillation GC equipped with 10 m (0.53 mm diameter) RTX-2887 capillary 
column and FID detector according to ASTM D-2887. Gasoline composition of paraffins, 
iso-paraffins, olefins, naphthenes, and aromatics was determined using a Shimadzu gas 
chromatograph equipped with 50 m (0.15 mm diameter) BP-1 PONA capillary column 
and FID detector. VGO conversion was defined as the sum of yields for dry gas, LPG, 
gasoline and coke. The unconverted material is defined as all liquid products with boiling 
point above 221 oC (LCO and HCO). 
To analyze the effect of additives on MAT performance, different catalytic parameters 
were assessed. Ratio (%C3=/gasoline) gives the percent increase in propylene per unit 
decrease in gasoline. This indicates the gasoline penalty in forming more propylene. 
Another parameter was considered to measure C3olefinicity, which is the relative amount 
of propylene within C3 and LPG. For the relative importance of hydrogen transfer 
reactions (HTC) and their strong influence on both the product distribution and the octane 
number, HTC was used and defined as yield of butanes / yield of butenes. 
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Figure 8 Flow diagram of ASTM MAT unit 
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Figure 9 Photo of MAT unit used in this study 
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4 CHAPTER 4 
EFFECT OF ZEOLITE PORE STRUCTURE 
4.1 Catalyst characterization 
All zeolites used in this study were characterized for their structure (X-ray powder 
diffraction), size of the crystals (Scanning electron microscopy), textural properties 
(sorption capacity for nitrogen), and concentration and type of acid sites (Infrared 
spectroscopy using pyridine and d3-acetonitrile as probe molecules). 
X-ray diffraction (XRD) patterns of all zeolites are depicted in Figure 10. All XRD 
patterns show a high crystallinity of studied zeolites and absence of any other crystalline 
or amorphous phase. Diffraction lines are consistent with those in IZA [54]. In the case of 
MCM-36, a new interlayer peak is seen at a low angle below 2 theta degree, which is 
typical for pillared materials and indicates an increase in layer spacing. 
The adsorption isotherms for zeolites are given in Figure 11. The shapes of nitrogen 
isotherms for all zeolites are rather similar consisting of substantial increase in the 
adsorbed amount of nitrogen at very low partial pressures due to the adsorption in 
micropores. This is followed by almost constant plateaus over the remaining range of 
pressures. A little increase in the adsorbed amount at pressures between 0.9 and 1.0 is due 
to the adsorption in interparticle space. This strongly contrasts with the adsorption 
isotherm of MCM-36. MCM 36 shows an increase in the adsorbed amount at relative 
pressures between 0.05 and 0.30 due to filling of pores with diameter of 2.5 – 3.0 nm. 
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This is even accompanied by a hysteresis loop, typical for pillared zeolites [55]. Textural 
properties of catalysts studied are summarized in Table 5. 
 
 
Figure 10 XRD patterns of zeolites under study 
 
Scanning electron microscope images are presented in Figure 12. Crystals of zeolites 
TNU-9 and IM-5 are of similar size with one dimension slightly larger than 1 µm while 
other two dimensions are shorter. SSZ-74 is typical for its 5-6 µm long crystals with 
other two dimensions shorter than 1 µm. SSZ-33 is characteristic of agglomerates 
consisting of small crystals around 0.2-0.3 µm. The crystals of ZSM-5 zeolite have 
typical hexagonal shape with the size of 1x0.5 µm forming larger agglomerates. 
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Figure 11 Nitrogen adsorption desorption isotherms 
 
Table 5 Structural and textural properties of zeolites used 
Sample size of the channels 
(nm) [a] 
BET 
(m2/g) 
Vmic 
(cm3/g) [b] 
Vtot 
(cm3/g) 
ZSM-5 0.51 x 0.55; 0.53 x 0.56 414 0.16 0.25 [d] 
MCM-22 0.40 x 0.55; 0.41 x 0.51 529 0.18 0.47 [c] 
SSZ-33 0.64 x 0.70; 0.59 x 0.70; 0.45 x 0.51 506 0.20 0.50 [c] 
SSZ-74 0.55 x 0.57; 0.52 x 0.59; 0.52 x 0.56 341 0.14 0.20 [c] 
MCM-36 MWW layers, Dmeso = 2.5 nm 741 0.09 0.49 [c] 
IM-5 0.55 x 0.56; 0.53 x 0.59 336 0.14 0.23 [d] 
Ferrierite 0.42 x 0.54; 0.35 x 0.48 316 0.13 0.18 [c] 
TNU-9 0.55 x 0.60 + 0.52 x 0.60; 0.54 x 0.55 445 0.19 0.22 [c] 
[a] taken from http://www.iza-structure.org/databases/;[b] Vmic = micropore volume; [c] Vtot = total pore volume (at p/p0 = 0.95); [d] Vtot = total pore volume (at p/p0 = 0.99) 
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A  B 
C  D 
E  F 
G  H 
Figure 12 SEM images of (A) TNU-9, (B) SSZ-33, (C) IM-5, (D) MCM-36, (E) SSZ-74, (F) ferrierite, (G) MCM-22 and (H) ZSM-5. 
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In contrast, ferrierite, MCM-22 and MCM-36 exhibited sheet-like shapes of their crystals, 
which is particularly typical for MCM-22 and MCM-36 formed from MCM-22 layers by 
swelling with surfactant. It is generally accepted that size and shape of zeolite crystals 
together with size of zeolite windows influence the rate of reactions on zeolites. 
However, there is no straightforward trend to relate conversion or yield to any of these 
parameters. Not overall zeolite inner volume is involved in the reactions and with smaller 
size of the crystals reactions can preferentially proceed on their external surface. 
Concentrations and type of acid sites for all zeolites studied were determined using FTIR 
spectroscopy with pyridine or d3-acetonitrile as probe molecules, Figures 13 and 14 [56]. 
While pyridine with its kinetic diameter about 0.55 nm can penetrate into 10-ring 
channels, it is not unable to interact with acid sites located in elliptic 10-ring channels or 
in 8-ring channels. Therefore, d3-acetonitrile was especially used to study acidic 
properties of ferrierite. Hydroxyl region of the spectra consists of two characteristic 
absorption bands around 3740-45 cm-1 and 3610-3625 cm-1. The former band is attributed 
to the vibrations of silanol groups while the latter one is typical for acidic bridging OH 
groups. In the case of SSZ-74, we can see here an additional band at about 3725 cm-1. 
This band is due to the interaction of silanol groups in silanol nests due to the missing 
one T atom per unit cell of this zeolite [57].  
The interaction of bridging Si-OH-Al groups in 10-ring zeolites with both pyridine and 
d3-acetonitrile resulted in complete disappearance of this band (cf. the spectra before and 
after adsorption of probe molecule, Figures 13 and 14. Interaction of pyridine with 
Brønsted acid sites gave rise to an absorption band around 1545 cm-1 while interaction 
with Lewis acid sites resulted in the appearance of a new band at 1450-1455 cm-1. 
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Interaction of d3-acetonitrile provided also two additional bands around 2300 cm-1 via 
interaction with Brønsted acid sites and 2325 cm-1 due to interaction with Lewis acid 
sites. Quantitative evaluation of the concentrations Brønsted and Lewis acid sites is given 
in Table 6. SSZ-33 and MCM-36 possess the highest concentrations of acid sites, 
although in the case of MCM-36 around 30 % of the sample is formed by amorphous 
silica pillars. The highest concentrations of Brønsted acid sites were found for ferrierite, 
MCM-22, ZSM-5, TNU-9 and IM-5 zeolite. Simultaneously, ferrierite, TNU-9 and IMF 
zeolites exhibit also the lowest concentrations of Lewis acid sites. 
 
Table 6 Lewis (CL) and Bronsted (CB) acid sites concentration 
Additive Sample Si/Al 
(IR) 
CL 
(mmol/g) 
CB 
(mmol/g) 
ZSM-5 19.9  0.21 0.37 
SSZ-33 18.8  0.32 0.19 
SSZ-74 42.1 0.11 0.17 
MCM-22 23.0  0.14 0.41 
MCM-36 21.6  0.28 0.17 
Ferrierite 29.3  0.06 0.44 
IM-5 30.5 0.10 0.33 
TNU-9 28.1 0.11 0.35 
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Figure 13 IR spectra of TNU-9, IM-5, MCM-22, and SSZ-33, adsorption of pyridine; (A) region of hydroxyl vibration, (B) region of pyridine vibration. Before (ba) and after (aa) adsorption 
 
Figure 14 IR spectra of MCM-36, SSZ-74, ZSM-5 and ferrierite zeolite, adsorption of acetonitrile; (A) region of hydroxyl vibration,(B)  region of acetonitrile vibration. Before (ba) and after (aa) adsorption. 
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4.2 Catalyst evaluation 
4.2.1 Conversion and yields 
The product yield distribution of VGO cracking over E-Cat and E-Cat/additives is shown 
in Table 7. Product yields were assessed at constant conversion of 70% to distinguish the 
catalytic performance of different additives. 
The conversion versus C/O ratio over E-Cat and E-Cat/additives is shown in Figure 15. 
The conversion increased with increasing C/O ratio for all E-Cat and E-Cat/additives. 
The increase in the conversion was substantial for C/O ratio between 2 and 4 followed by 
a slow increase or even plateau for some additives (Figure 15). This indicates that the 
effect of experimental conditions on conversion is higher at milder conditions, and this 
effect is less visible as the severity of conditions gradually increases [58]. Over E-Cat, the 
conversion increased from 62% to 76% as the C/O ratio increased from 2 to 6. In the case 
of E-Cat/additives, the conversions ranged between 63% and 82%. 
C/O ratio at a constant conversion indicates the activity of each catalyst. Table 7 shows 
that the conversions over E-Cat/additives decreased in the following order: MCM-
36>IM-5>TNU-9>ZSM-5>ferrierite=MCM-22>SSZ-33>SSZ-74. Catalyst activity is 
influenced by the acidic properties and the pore structure [25]. The high conversion over 
MCM-36 is attributed to high concentration of acid sites and the mesoporous character of 
this additive favoring the diffusion of reactants and products [59]. High activity of IM-5 
and TNU-9 was also due to high amount of acid sites and more open channel structure 
than in the case of ZSM-5 (Table 6). Although ferrierite exhibited the highest 
concentration of Brønsted acid sites, the limited pore structure openings of this zeolite 
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hindered the accessibility of reactant molecules to acidic sites. Lower activity of SSZ-33 
and SSZ-74 may be attributed to the low concentration of Brønsted acid sites (Table 6). 
 
 
 
Figure 15 Comparison of MAT conversion over E-Cat and E-Cat/additives (A), (■) E-Cat; (×) ZSM-5; (●) MCM-22; (▲) MCM-36 and (♦) Ferrierite. (B), (■) E-Cat; (Δ) SSZ-33; (□) SSZ-74 (○) IM-5 and (◊) TNU-9. 
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Table 7 Comparative MAT data at constant conversion (70%) and 550 oC over E-Cat and E-cat/additives 
Catalyst Base E-Cat  E-Cat/ 25wt.% additive 
ZSM-5 SSZ-33 SSZ-74 MCM-22 MCM-36 Ferrierite IM-5 TNU-9 
 (C/O)ratio(g/g) 3.1 2.3 3.6 4.0 2.9 1.7 2.9 1.8 2.1 
Product yields (wt.%)   
Dry gas 3.3 6.1 3.4 3.8 4.6 4.5 4.1 6.1 6.1 
    H2 0.08 0.15 0.08 0.09 0.12 0.08 0.07 0.11 0.13     C1 0.9 1.1 0.9 0.8 0.9 1.0 0.9 1.0 1.0     C2= 1.4 3.4 1.5 2.0 2.7 2.5 2.2 3.7 3.6     C2 0.9 1.4 1.0 0.9 0.9 1.0 1.0 1.3 1.3 
LPG 22.6 36.1 22.4 29.2 34.7 32.2 28.1 36.2 36.5 
    C3= 7.0 8.8 7.0 8.9 9.5 10.8 10.9 8.6 9.0     C3 1.1 9.6 0.9 2.6 5.7 2.8 1.3 9.8 9.1     C4=  7.7 7.4 10.2 10.4 8.6 10.0 11.0 6.9 7.4     n-C4 2.6 3.1 0.7 1.4 2.2 1.3 0.7 3.2 3.0     i-C4 4.2 7.2 3.7 5.8 8.8 7.3 4.2 7.7 8.0 C2=-C4= 16.1 19.6 18.7 21.3 20.7 23.3 24.0 19.2 20.0 Gasoline 42.9 26.5 42.4 34.9 28.1 30.4 36.4 25.8 23.2 
LCO 16.8 13.9 16.6 13.6 13.5 13.4 14.8 13.3 13.0 
HCO 13.0 16.2 13.4 16.4 16.5 16.6 15.2 16.7 17.0 
Coke 1.4 1.2 1.6 2.1 2.6 2.9 1.5 1.9 4.2 HTCa 0.9 1.4 0.4 0.7 1.3 0.9 0.4 1.6 1.5 C3=/ LPGb 0.31 0.24 0.31 0.31 0.27 0.34 0.39 0.24 0.25 C3olefinicityc 0.86 0.48 0.89 0.77 0.6 0.80 0.89 0.47 0.50 %C3=/ gasolined Base 1.6 0.8 3.8 2.5 4.5 8.7 1.4 1.5 a Hydrogen transfer coefficient (butanes/butenes). b Propylene selectivity within LPG. c C3=/total C3s. d Percent increase in propylene per unit decrease in gasoline.
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All product yields exhibited increasing trend upon adding zeolite additives. Gasoline is the only 
exception due to the formation of more gaseous products by cracking of C6-C8 olefins to lighter 
olefins [53,60]. The drop in gasoline yield over all E-Cat/additive catalysts was associated with a 
slight change in the yield of LCO and HCO (Table 7). 
The variety in pore topology among different additives has a great impact on product 
distribution, as they provide different accessibility of cracking VGO and intermediates. 
4.2.2 LPG and light olefins yields 
LPG (C3-C4) yield increased with increasing conversion for all E-Cat and E-Cat/additives as 
shown in Figures 16 and 17, with exception for SSZ-33. At 70% conversion, LPG increased 
from 22.6 wt.% over E-Cat to about 36 wt.% over E-Cat blended with TNU-9, IM-5 and ZSM-5 
(Table 7). Improvements were also reported but at lower extent over MCM-22 (34.7 wt.%), 
MCM-36 (32.2 wt.%), SSZ-74 (29.2 wt.%) and ferrierite (28.1 wt.%). However, the composition 
of LPG was different among various additives. 
Ferrierite and MCM-36 yielded the highest amount of propylene at ~ 11 wt.% compared with 7.0 
wt.% over E-Cat (Table 7). The high yield of propylene over ferrierite might be ascribed to the 
suppression of hydrogen transfer (HT) reactions saturating olefins to paraffins [58,61]. It has 
been reported that the smaller the pore size of the zeolite, the greater the suppression of HT 
reactions. Smaller pore openings do not accommodate bulky bimolecular reaction intermediates 
and hence, zeolite additives with smaller pore structures are more shape selective in producing 
propylene [24–26,44]. High enhancement in propylene yield over MCM-36 demonstrates the 
advantages of the inherent mesoporous character of this pillared zeolite. Mesopores enhanced 
mass transport and reduced HTC due to shorter residence time and rapid elution of olefins [62]. 
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Figure 16 Product yields over E-Cat and E-Cat/additives: (■) E-Cat; (×) ZSM-5; (●) MCM-22; (▲) MCM-36 and (♦) Ferrierite. 
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Figure 17 Product yields over E-Cat and E-Cat/additives: (■) E-Cat; (Δ) SSZ-33; (□) SSZ-74 (○) IM-5 and (◊) TNU-9. 
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MCM-22 showed lower propylene yield at 9.5 wt.% and higher HTC compared to MCM-36 
(Table 7). It seems that 10-ring zeolites or even zeolites with 10- and 8-ring channels decrease 
the rate of bimolecular reactions (lower HTC). The presence of mesopores lowered the real 
contact time between hydrocarbons and catalyst surface having similar effect on propylene yield 
(e.g. MCM-36). 
Although ZSM-5 zeolite is known to be shape-selective to produce propylene [33], the excessive 
concentration of acid sites on the zeolite favored secondary reactions resulting in low 
enhancement in propylene yield at 8.8 wt.% [21,61]. SSZ-74 yielded almost the same amount of 
propylene as ZSM-5 at 8.9 wt.% (Table 7), however, HTC was much lower for SSZ-74 due to its 
lower acid site density compared with ZSM-5 (Table 6). IM-5 and TNU-9 exhibited the highest 
HTC owing to their higher acid site density and slightly large pore entrances than in ZSM-5. As 
a consequence, they favored bimolecular reactions resulting in a low enhancement in propylene 
yield [35,49].  
Propylene selectivity within LPG (C3=/LPG) decreased in the following order: ferrierite > 
MCM-36 > E-Cat = SSZ-33 = SSZ-74 > MCM-22 > TNU-9 > IM-5 = ZSM-5. This is explained 
by the inverse correlation between HTC and propylene yield as shown in Table 7. High HTC 
decreases propylene selectivity within LPG due to excessive conversion of propylene to propane. 
Propylene yield increased with increasing conversion over zeolite additives having low HTC. 
Over E-Cat, propylene yield increased from 5.4 to 8.8 wt.% upon increasing conversion from 62 
to 76% as shown in Figures 16 and 17. Ferrierite showed the highest increase in the propylene 
yield from 9.7 to 12.8 wt.% with increasing conversion from 65 to 77%. Similar trend was 
observed over SSZ-74, SSZ-33, MCM-22 and MCM-36. In contrast, additives having high HTC 
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exhibited a drop in propylene yield with increasing conversion. For instance, propylene yield 
over ZSM-5 decreased from 8.9 to 6.5 wt.% as the conversion increased from 67 to 81%. TNU-9 
and IM-5 followed a similar trend. However, at constant conversion of 70%, all additives 
boosted propylene yield compared to E-Cat. The results suggest a strong relationship between C3 
olefinicity and HTC. Ferrierite and SSZ-33 showed high C3 olefinicity, followed by MCM-36 
and SSZ-74 (Table 7). This is caused by high yield of propylene and low propane yield. 
Compared with E-Cat, C3 olefinicity decreased in additives with high HTC (ZSM-5, IM-5, 
MCM-22 and TNU-9), as they produced high yield of propane. The results clearly show that 
propylene yield can be related not only to zeolite topology but also to the concentration of acid 
sites (reversely to Si/Al ratio). While smaller zeolite pores limit generally the rate of bimolecular 
reactions (lower HTC values), lower Si/Al ratios enhance the rate of bimolecular reactions. 
Ethylene yield increased with increasing conversion for all E-Cat/additives (Figures 16 and 17). 
However, at constant conversion of 70%, ethylene yield over IM-5, TNU-9 and ZSM-5 increased 
more than twice compared with E-Cat. Ethylene yield increased from 1.4 wt.% over E-Cat to 
3.4-3.7 wt.% over these additives. To a lower extent, ethylene yield was enhanced to 2.0-2.7 
wt.% over MCM-22, MCM-36, ferrierite and SSZ-74. SSZ-33 did not show much enhancement 
in ethylene yield (1.5 wt.%). 
The yield of light olefins (C2-C4) showed a similar behavior to propylene yield. At conversion of 
70%, maximum light olefins yield was obtained over ferrierite (24.0 wt.%) compared with 16.1 
wt.% over E-Cat. This was followed by MCM-36 (23.3 wt.%), SSZ-74 (21.3 wt.%), MCM-22 
(20.7 wt.%) and TNU-9 (20.0 wt.%). ZSM-5, IM-5 and SSZ-33 yielded 18-19 wt.% of light 
olefins. Over all additives, the largest contribution of light olefins was from propylene and 
butenes, as shown in Figure 18. 
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Figure 18 Light olefins yield over E-Cat and E-Cat/additives (A), (■) E-Cat; (■) ZSM-5; (■) MCM-22; (■) MCM-36 and (■) Ferrierite. (B), (■) E-Cat; (■) SSZ-33; (■) SSZ-74; (■) IM-5 and (■) TNU-9. 
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The increase in the light olefins yield may be attributed to the conversion of reactive gasoline-
range species (mainly iso-paraffins and olefins) [17]. Over E-Cat/additives, the observed 
increase in i-C4 may be assigned to secondary conversion of isobutylene via hydrogen transfer 
mechanism. It has been reported that the rate of hydrogenation is much higher for the i-olefins 
rather than n-olefins [63]. This behavior affected butenes yield and the yield of light olefins 
(Table 7). Ferrierite produced the highest yield of butenes at 11 wt.% compared with 7.7 wt.% 
over E-Cat. SSZ-74, SSZ-33, and MCM-36 produced high yield of butenes at ~10 wt.%. To a 
lower extent butenes yield was enhanced over MCM-22 at 8.6 wt.%. Other additives showed 
decreased yield of butenes or no change. 
4.2.3 Dry gas yields and coke formation 
Dry gas (H2, C1-C2) yield increased with increasing conversion over E-Cat and E-Cat/additives. 
The increase in the dry gas yield may be attributed mainly to the increase in the ethylene yield. 
The change in other dry gas components was insignificant as they were produced in low yields. 
Hence, dry gas yield variation among E-Cat/additives followed the same trend of ethylene. For 
E-Cat, it increased from 2.5 wt.% to 4.5 wt.% within conversion range of 62-76% (Figures 16 
and 17). All additives increased dry gas yield compared to E-Cat except for SSZ-33. At 70% 
conversion, ZSM-5, IM-5 and TNU-9 showed the highest yield of dry gas at 6.1 wt.% compared 
to 3.3 wt.% over E-Cat. MCM-22, MCM-36 and ferrierite yielded 4-5 wt.%. SSZ-74 yielded 3.8 
wt.% (Table 7).   
The amount of coke formed was the highest over TNU-9 (4.2 wt.%) compared with 1.4 wt.% 
over E-Cat. Other E-Cat/additives did not show significant change in coke amount. 
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4.2.4 Gasoline yield and composition 
At VGO conversion of 70 %, gasoline yield decreased in the following order: E-Cat = SSZ-33 > 
ferrierite > SSZ-74 > MCM-36 > MCM-22 > ZSM-5 > IM-5 > TNU-9. This was associated with 
a substantial increase in LPG yield (Table 7). The percentage increase in propylene yield for a 
unit decrease in the gasoline yield (%C3=/gasoline) gives the best selective additive for propylene 
from conversion of gasoline-range reactive species to lighter products (C2-C4). Ferrierite 
provides the highest ratio of 8.7% increase in propylene yield per unit decrease in gasoline. 
MCM-36, SSZ-74, and MCM-22 showed propylene enhancement of 4.5 %, 3.8 % and 2.5 % 
respectively, per unit decrease in gasoline. The ratios over ZSM-5, IM-5 and TNU-9 were low 
(1.4-1.6 %). These results showed a strong inverse correlation between %C3=/gasolineand HTC. 
High values of (%C3=/gasoline) were accompanied by low HTC values. The lower ability to 
carry bimolecular reactions allowed product molecules to desorb as olefins (i.e. less conversion 
of propylene to propane). SSZ-33 did not enhance propylene yield and hence gave the lowest 
value for this ratio (0.8%). 
The composition of gasoline fraction (n-paraffins, iso-paraffins, olefins, naphthenes and 
aromatics) over all catalysts at 70% conversion is shown in Tables 8 and 9. Over all E-
Cat/additives, there was no significant change in the n-paraffins content of gasoline fraction 
compared to E-Cat. The zeolite additives enhanced cracking of iso-paraffins as it decreased by 
more than 50%, as compared to E-Cat except for SSZ-33. The conversion of gasoline-range 
olefins to light olefins (C2-C4), is possible by direct cracking at the high temperature 550 oC 
[26,64].  Additives having high HTC cracked most of the gasoline-range olefins but, they did not 
show much enhancement in light olefins yield. For instance, gasoline-olefins content dropped 
from 20.9 wt.% over E-Cat to 1.8 - 3.8 wt.% over IM-5, ZSM-5, TNU-9 and MCM-22 (Tables 8 
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and 9). However, these additives yielded 19-20 wt.% light olefins compared with 16.1 wt.% over 
E-Cat (Table 7). In contrast, MCM-36 and SSZ-74 decreased gasoline-olefins to 17.5 wt.% and 
10.0 wt.%, respectively, but, they boosted light olefins yield to 23.3 wt.% and 21.3 wt.% 
respectively. Only ferrierite and SSZ-33 increased gasoline-range olefins content.  
Gasoline naphthenes were consumed by dehydrogenation reactions to aromatics and by cracking 
to olefins [26,63]. This explains the similar decrease in naphthenes content and olefins over E-
Cat/additives, with the increase in aromatics content. Only ferrierite, SSZ-33 and MCM-36 
showed the increase in naphthenes yield from 7.7 wt.% over E-Cat to 10.0-12.7 wt.%, most 
probably due to the largest available reaction volumes. 
Aromatics content over IM-5, TNU-9 and MCM-22 was more than doubled compared with E-
Cat. These zeolite additives increased aromatics content to ~ 89 wt.%  compared with 41.9 wt.% 
over E-Cat. Over MCM-36, SSZ-74 and ZSM-5 aromatics content increased to 62.4 wt.%, 80.9 
wt.% and 81.1 wt.%  respectively. There was no change in aromatics content over ferrierite 
while SSZ-33 showed a drop to 26.3 wt.% (Tables 8 and 9). 
Research octane number (RON) of gasoline was enhanced over E-Cat/ additives by direct 
correlation to the increase in aromatics content. RON was 80 over E-Cat, while it increased by 
17 numbers over TNU-9 and IM-5 (Tables 8 and 9). The additives ZSM-5, MCM-22, SSZ-33 
and SSZ-74 exhibited RON values in the range 88-92. The aromatics content ferrierite (82) 
increased only slightly. In contrast, MCM-36 decreased its gasoline RON to 76, which is 
attributed to the decrease in the concentration of iso-paraffins with medium increase in aromatics 
compared with E-Cat. 
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Table 8 Gasoline composition at (70%) conversion over E-Cat and additives ZSM-5, SSZ-33, SSZ-74 and MCM-36 
Catalyst Base E-Cat E-Cat/ 25wt.% additive 
  ZSM-5 SSZ-33 SSZ-74 MCM-22 
Compositions (wt.%)      
n-paraffins 2.1 0.9 1.6 1.8 1.3 
iso-paraffins 27.3 12.8 20.0 3.0 5.1 
Olefins 20.9 3.6 42.1 10.0 3.4 
Naphthenes 7.7 1.6 10.0 4.4 1.7 
Aromatics 41.9 81.1 26.3 80.9 88.5 
RONa 80.0 92.0 88.0 89.0 88.0 
a Research Octane Number by GC PIONA. 
 
 
Table 9 Gasoline composition at (70%) conversion over E-Cat and additives MCM-36, FER, IM-5 and TNU-9 
Catalyst Base E-Cat E-Cat/ 25wt.% additive 
  MCM-36 FER IM-5 TNU-9 
Compositions (wt.%)      
n-paraffins 2.1 4.2 2.3 1.5 2.3 
iso-paraffins 27.3 6.2 11.7 6.7 2.8 
Olefins 20.9 17.5 31.5 1.8 3.8 
Naphthenes 7.7 9.6 12.7 1.0 1.9 
Aromatics 41.9 62.4 41.8 88.8 89.0 
RONa 80.0 76.0 82.0 96.2 97.5 
a Research Octane Number by GC PIONA. 
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4.3 Kinetic study 
4.3.1 Model development 
Kinetic study was performed to evaluate activation energies for VGO catalytic cracking over E-
Cat/SSZ-74 and compared to E-Cat. Kinetic description of the catalytic cracking of VGO 
comprises a large number of reactants and products from different chemical families and from 
different distillation cuts. There are many reaction possibilities with different mechanisms and 
steps involved [65,66]. Simplifying rate equations through lumping strategy is effective for 
kinetic modeling of catalytic cracking. 4-lump kinetic model is suitable representative of VGO 
cracking kinetics [67], which is proposed by the following reaction scheme: 
 
 
 
 
 
 
 
 
 
 
 
This model accounts for the cracking of VGO to gasoline, gases and coke, and the overcracking 
of gasoline to gases. Previous studies found that the kinetic constants for the cracking reactions 
of gasoline to coke and gases to coke were many orders of magnitudes smaller than the others 
k13 
k14 
k23 
k12 VGO (1) Gasoline (2) 
Gas (3) 
Coke (4) 
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[67,68]. Taking this into account, we assumed that the formation of coke is only from the 
reaction of VGO lump. 
Based on this proposed scheme, the governing equations for VGO cracking, gasoline, gas and 
coke formation are: 
-dY1/dt = [k12 + k13 + k14] (Y1)2φ           (1) 
dY2/dt = [k12Y12 –k23Y2] φ                     (2) 
dY3/dt = [k13Y12 + k23Y2] φ                    (3) 
dY4/dt = k14 (Y1)2φ                                (4) 
φ= exp (- α tos) (deactivation function)  (5) 
The model equations were formulated under the assumption that the cracking of VGO is the 
second-order reaction, while gasoline cracking is the first-order reaction. This is a widely 
adopted assumption in the literature based on the fact that VGO molecules are with changing 
reactivity [69,70]. At low conversion, most of the VGO reactive molecules crack more rapidly, 
while as the conversion increases, the reactivity of the feed molecules decreases. On the other 
hand, gasoline contains a restricted fraction of hydrocarbons with narrower boiling ranges, 
hence, will exhibit smaller ranges of cracking rates [71].  
A catalyst decay function φ is incorporated in the rate equations to account for the loss in catalyst 
activity due to deactivation from cocking. Exponential decay function which depends on time-
on-stream (tos) is used to represent the catalyst decay term φ, as given in Eq. (5). Since cracking 
of VGO and gasoline is taking place on the same acidic sites, the deactivation function, φ for all 
the four reaction steps (Eqs. (1) - (4)) was assumed to be identical and independent of 
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temperature, as been shown in others works [68,72]. This assumption introduces great 
simplifications in model parameters estimation with narrow errors [73]. 
kij are temperature dependent rate constants given by Arrhenius formula: 
kij = ko-ij exp[(-Eij/R) (1/T – 1/To)]    (6) 
The temperature To is centering temperature introduced to reduce interaction between parameters 
[74]. The reactor was assumed to operate under isothermal conditions due to negligible 
temperature change observed during the reactions. 
4.3.2 Determination of kinetic model parameters 
Kinetic expression of VGO catalytic cracking based on 4-lump model (Equations 1-4), 
incorporating deactivation equation (Equation 5) and Arrhenius relation (Equation 6) were 
combined and solved numerically. Nonlinear regression analysis (MATLAB, ODE 45-4th order 
Runge-Kutta method and least-square curve fitting "lsqcurvefit" routine) was used to evaluate 
the kinetic parameters. The centering temperature To in Arrhenius relation was set equal to 550 
oC. The regression algorithm restricted the estimated rate constants and activation energies to be 
positive in consistence with physical principles. The optimization criteria was set to minimize 
sum of squares of the differences between calculated and experimental values of the mass 
fractions of reaction components. The data points were taken at different C/O ratios ranging from 
2 to 6, and at three different temperatures (500, 550 and 600 oC). 
The estimated rate constants and apparent activation energies are shown in Table 10, along with 
their 95 % confidence level which shows that the values are estimated quite precisely. The values 
for the apparent activation energies obtained in this study are found to be comparable with the 
literature values [67,75,76], as presented in Table 11. Experimental and calculated VGO 
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conversions as a function of reaction temperature at different C/O ratios are shown in Figure 19. 
It can be seen that the model prediction of experimental values is satisfactory. 
 
Table 10 Estimated kinetic parameters for VGO catalytic cracking over E-Cat and E-Cat/SSZ-74 
Catalyst  E-Cat E-Cat/SSZ-74 
Parameter Eij (kcal/mol) ko-ija Eij (kcal/mol) ko-ija 
k12 14.2 ± 0.1 58.4 ± 1.5 16.1 ± 0.08 56.4 ± 0.9 
k13 18.0 ± 0.3 19.6 ± 0.2 21.4 ± 0.9 33.5± 0.3 
k14 12.2 ± 0.4 1.7 ± 0.01 12.4 ± 0.5 2.4 ± 0.01 
k23 17.3 ± 0.2 8.6 ± 0.2 14.6 ± 0.1  13.4 ± 0.2 
α (h-1) 12.1 ± 0.04  15.3 ± 0.1  
a ko-12, ko-13 and  ko-14 in (weight fraction h)-1;  ko-23 in h-1. 
 
 
Table 11 Comparison of activation energies with literature values 
Reaction step Present studya Literaturea 
 E-Cat E-Cat/SSZ-74 Ab Bc Cd 
VGO-gasoline 14.2 16.1 16.3 14.3 15.2 
VGO-gas 18.0 21.4 21.3 11.4 16.3 
VGO-coke 12.2 12.4 15.4 7.4 22.7 
Gasoline-gas 17.3 14.6 12.6 16.5 15.6 
aAll values in (kcal/mol) 
bTaken from reference [67]. 
cTaken from reference [75]. 
dTaken from reference [76].  
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Figure 19 Predicted (lines) and experimental (symbols) conversion for (A) E-Cat and (B) E-Cat/SSZ-74 at C/O ratio of (Δ) 
2; (○) 4 and (□) 6. 
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Comparison between experiments and model prediction for gasoline and gas yields as a function 
of conversion at different temperatures is shown in Figures 20 and 21. The model successfully 
predicted the effect of increasing reaction temperature from 500 to 600 oC is to promote more 
gases and less gasoline, which is in agreement with experimental results. A drop in gasoline 
yield curve is observed at high conversions above 75% (Figure 20). In contrary, gases yield 
increased continuously with increasing conversion (Figure 21). This trend is attributed to the 
overcracking of gasoline to gases. 
Over E-Cat, the apparent activation energies for cracking of VGO to gasoline (E12) and VGO to 
gas (E13) were 14.2 kcal/mol and 18.0 kcal/mol, respectively (Table 10). While over E-Cat/SSZ-
74, the values were 15.3 kcal/mol and 21.4 kcal/mol for E12 and E13, respectively. The slightly 
increased values of E12 and E13 over E-Cat/SSZ-74 as compared to E-Cat indicate that the 
cracking of VGO is easier over E-Cat. This might be attributed to the larger pore structure of E-
Cat (based on 12-ring Y-zeolite) compared to SSZ-74 (10-ring zeolite) allowing to accommodate 
higher concentrations of bulky molecules of VGO lump in the catalyst channel system [77,78]. 
In contrast, the activation energy for reaction of gasoline to gas (E23) dropped from 17.3 kcal/mol 
over E-Cat, to 14.6 kcal/mol over E-Cat/SSZ-74 (Table 10). This might be due to more restricted 
pore structure of SSZ-74 which provided more interactions between gasoline molecules and the 
catalytic surface [72]. This enhanced the reaction of gasoline and hence, lower apparent 
activation energy (E23) over SSZ-74 is observed. Furthermore, the total acidity of E-Cat was 
estimated at about 0.04 mmol/g, in agreement with previous studies [16,79]. Adding SSZ-74 
with a total acidity of 0.28 mmol/g (Table 6), almost doubled the concentration of acid sites in E-
Cat/SSZ-74. Most likely, the increased concentration of acid sites over E-Cat/SSZ-74 has also 
played a role in decreasing apparent activation energy (E23) compared to E-Cat [78]. 
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Figure 20 Predicted (lines) and experimental (symbols) gasoline yield for (A) E-Cat and (B) E-Cat/SSZ-74 at temperature of (□) 500 oC; (○) 550 oC and (Δ) 600 oC. 
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Figure 21 Predicted (lines) and experimental (symbols) gas yield for (A) E-Cat and (B) E-Cat/SSZ-74 at temperature of (□) 500 oC; (○) 550 oC and (Δ) 600 oC. 
 
  
58  
5 CHAPTER 5 
EFFECT OF ZEOLITE Si/Al MOLAR RATIO 
5.1 Catalyst characterization 
Framework tetrahedral aluminum is the source of zeolite acidity. Therefore, zeolite Si/Al molar 
ratio has a major impact on its performance as catalysts [33]. This chapter presents the results on 
correlation between zeolite Si/Al molar ratio, activity and selectivity. Three framework types 
were investigated with varying Si/Al molar ratio, namely MFI, -SVR and FER. Table 12 
summarizes the samples used for this purpose. 
Table 12 Zeolites under study with varying Si/Al molar ratio 
Framework type Number of samples Range of Si/Al molar ratio 
MFI 9 23-2000 
-SVR 4 40-900 
FER 2 9-27 
 
Samples are named as (framework type-Si/Al molar ratio). For example, MFI-80 corresponds to 
an MFI zeolite with Si/Al molar ratio of 80. 
Textural properties obtained from N2 adsorption/desorption isotherms are summarized in Table 
13. For the same framework type, there was no major variation in textural properties with 
changing Si/Al ratio. Quantitative evaluation of the concentrations Brønsted and Lewis acid sites 
obtained from FTIR spectroscopy of adsorped pyridine or d3-acetonitrile is given in Table 14. 
There is an observed decrease in total number of acid sites along with the increase in zeolite 
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Si/Al ratio. This is true for all framework types. In the case of MFI zeolites with Si/Al ratio >80, 
the acid sites were very weak and could not be detected by FTIR spectroscopy (i.e. Signal/noise 
ratio is very low and hence high percentage of experimental error). 
Table 13 Textural properties of zeolites with varying Si/Al molar ratio under study 
Sample-Si/Al BET (m2/g)[a] Vmic (cm3/g) [b] Vtot (cm3/g) 
MFI framework type 
MFI-23 322 0.13 0.21[c] 
MFI-30 352 0.11 0.29[c] 
MFI-55 371 0.11 0.31[c] 
MFI-80 399 0.13 0.26[c] 
MFI-280 372 0.07 0.22[c] 
MFI-500 359 0.08 0.21[c] 
MFI-1200 337 0.07 0.20[c] 
MFI-2000 320 0.14 0.20[c] 
-SVR framework type 
SVR-40 341 0.14 0.20[d] 
SVR-80 409 0.15 0.22[d] 
SVR-120 340 0.13 0.21[d] 
SVR-Silica 341 0.14 0.20[d] 
FER framework type 
FER-9 306 0.13 0.17[d] 
FER-27 316 0.13 0.18[d] 
[a] BET method using p/p0 0.05-0.20; [b] Vmic = micropore volume using t-plot method;  [c] Vtot = total pore volume (at p/p0 = 0.99); [d] Vtot = total pore volume (at p/p0 = 0.95).  
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Table 14 Lewis (CL) and Brønsted (CB) acid sites concentration of zeolites with varying Si/Al molar ratio 
Additive Sample Si/Al 
(IR) 
CL 
(mmol/g) 
CB 
(mmol/g) 
Total 
(mmol/g) 
MFI-23[a] - 0.023 0.98 1.003 
MFI-30[a] - 0.21 0.37 0.58 
MFI-55[a] - 0.031 0.424 0.455 
MFI-80[a] - 0.04 0.165 0.205 
SVR-40[a] 42.1 0.11 0.17 0.28 
SVR-80[a] 87 0.08 0.03 0.11 
SVR-120[a] 109 0.04 0.05 0.09 
SVR-Silica[a] 926 0.003 0.012 0.015 
FER-9[b] 14 0.33 0.42 1.09 
FER-27[b] 29.3 0.06 0.44 0.5 
[a] Adsorption of pyridine; [b] adsorption of acitonitrile. 
 
5.2 Catalyst evaluation 
5.2.1 Conversion and yields 
The product yield distribution of VGO cracking for MFI is shown in Table 15, while -SVR and 
FER are shown in Table 16. Product yields were assessed at constant conversion of 70% to 
distinguish the catalytic performance of additives with different Si/Al ratios. 
Figure 22 shows the conversion versus C/O ratio for selected MFI samples (30, 80, 280 and 
2000) to cover the wide range of Si/Al ratio investigated. The other samples (23, 55, 150, 500 
and 1200) followed a similar trend. Figure 23 shows the conversion versus C/O ratio for -SVR 
and FER. The conversion increased with increasing C/O ratio for E-Cat and all the additives. 
61  
Table 15 Comparative MAT data at constant conversion (70%) and 550 oC over MFI additives with varying Si/Al molar ratio 
Catalyst Base E-Cat E-Cat/ 25wt.% additive 
MFI-23 MFI-30 MFI-55 MFI-80 MFI-150 MFI-280 MFI-500 MFI-1200 MFI-2000 
C/O Ratio (g/g) [a] 3.1 2.3 2.3 2.4 2.5 2.0 2.2 3.5 3.4 3.0 
Product yields (wt.%) 
Dry gas 3.3 5.6 6.1 6.1 6.2 5.7 5.0 3.5 3.5 3.4 
   H2 0.1 0.1 0.2 0.1 0.1 0.1 0.1 0.1 0.1 0.1 
   C1 0.9 1.0 1.1 0.9 1.0 0.8 0.8 0.7 0.7 0.8 
   C2= 1.4 3.1 3.4 3.8 3.9 3.7 3.1 1.9 1.9 1.7    C2 0.9 1.3 1.4 1.3 1.2 1.1 1.0 0.9 0.9 0.8 
LPG 22.6 34.1 36.1 37.3 35.3 34.2 33.8 31.6 31.1 31.0 
   C3= 7.0 8.0 8.8 9.8 10.9 11.0 12.9 12.1 12.0 11.6    C3 1.1 9.4 9.6 8.5 6.0 5.2 2.6 1.5 1.5 1.3 
   C4=  7.7 6.9 7.4 8.6 9.9 10.1 12.7 12.4 12.7 13.2    nC4 2.6 3.0 3.1 3.1 2.4 2.2 1.2 0.8 0.9 0.8 
   iC4 4.2 6.8 7.2 7.2 6.1 5.8 4.4 4.8 4.1 4.2 
C2= - C4= 16.1 18.0 19.6 22.2 24.7 24.8 28.7 26.4 26.5 26.5 LPG-paraffins 7.9 19.2 19.9 18.9 14.5 13.2 8.2 7.1 6.5 6.2 
Gasoline 42.9 28.7 26.5 25.5 26.9 29.0 29.9 33.4 33.6 34.2 
LCO 16.8 13.5 13.9 12.7 12.8 14.2 13.1 14.6 14.6 14.2 
HCO 13.0 16.5 16.2 17.3 17.3 15.7 17.0 15.4 15.3 15.8 
Coke 1.4 1.6 1.2 1.2 1.4 1.1 1.2 1.5 1.7 1.5 
HTC [b] 0.89 1.42 1.39 1.20 0.86 0.79 0.44 0.45 0.39 0.38 
C3=/LPG [c] 0.31 0.24 0.24 0.26 0.31 0.32 0.38 0.38 0.38 0.37 C3 olefinicity [d] 0.86 0.46 0.48 0.54 0.65 0.68 0.83 0.89 0.89 0.90 C2 olefinicity [e] 0.62 0.70 0.71 0.75 0.76 0.77 0.76 0.68 0.69 0.67 %C3=/ gasoline [f]  Base 1.08 1.64 2.36 3.57 4.18 6.63 7.81 7.82 7.71  
[a] Catalyst to oil ratio; [b] Hydrogen transfer coefficient (butanes/butenes); [c] Propylene selectivity within LPG. 
[d] C3=/total C3s; [e] C2=/total C2s; [f] Percent increase in propylene per unit decrease in gasoline. 
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Table 16 Comparative MAT data at constant conversion (70%) and 550 oC over -SVR and FER additives with varying Si/Al molar ratio 
Catalyst Base E-Cat E-Cat/ 25wt.% additive 
  -SVR-40 -SVR-80 -SVR-120 -SVR-silica FER-9 FER-27 C/O Ratio (g/g) [a] 3.1 4.0 4.6 2.4 6.0 4.7 2.9 
Product Yields (wt.%)        Dry gas 3.3 3.8 4.0 4.0 3.1 7.6 4.1 
H2 0.1 0.09 0.08 0.06 0.08 0.21 0.07 
C1 0.9 0.8 0.8 0.6 0.7 1.3 0.9 
C2= 1.4 2.0 2.3 2.6 1.6 4.6 2.2 C2 0.9 0.9 0.8 0.7 0.5 1.5 1.0 
LPG 22.6 29.2 29.8 35.6 26.4 33.5 28.1 
C3= 7.0 8.9 10.9 13.5 9.1 12.7 10.9 C3 1.1 2.6 2.0 2.6 1.2 4.8 1.3 
C4= 7.7 10.4 10.5 12.8 11.2 9.1 11.0 nC4 2.6 1.4 1.2 1.6 0.9 1.1 0.7 
iC4 4.2 5.8 5.2 5.1 4.1 5.8 4.2 
C2=-C4= 16.1 21.3 23.7 28.9 21.9 26.4 24.0 LPG-paraffins 7.9 9.8 8.4 9.3 6.1 11.7 6.2 
Gasoline 42.9 34.9 34.1 28.9 39.1 26.5 36.4 
LCO 16.8 13.6 13.9 12.7 14.3 12.8 14.8 
HCO 13.0 16.4 16.1 17.3 15.7 17.2 15.2 
Coke 1.4 2.1 2.1 1.5 1.4 2.4 1.5 
HTC [b] 0.9 0.7 0.6 0.5 0.4 0.8 0.4 
C3=/LPG [c] 0.31 0.31 0.37 0.38 0.34 0.38 0.39 
C3 olefinicity [d] 0.86 0.77 0.85 0.84 0.89 0.73 0.89 
C2 olefinicity [e] 0.61 0.70 0.74 0.79 0.76 0.76 0.69 
%C3=/ gasoline [f] Base 3.8 6.9 7.0 9.7 5.2 8.7 
 
[a] Catalyst to oil ratio; [b] Hydrogen transfer coefficient (butanes/butenes); [c] Propylene selectivity within LPG. 
[d] C3=/total C3s; [e] C2=/total C2s; [f] Percent increase in propylene per unit decrease in gasoline. 
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Through all catalysts, the conversion ranged between 60-82 % as C/O ratio increased from 2 to 
6. All MFI additives enhanced VGO conversion compared to E-Cat despite the dilution effect of 
the additives (Figure 22). -SVR and FER exhibited lower conversion compared to E-Cat and 
MFI additives, except for -SVR-120 and FER-27 (Figure 23). Over all catalysts, the increase in 
conversion was more significant for C/O ratio between 2 and 4 followed by a slow increase from 
4 to 6. Which proves that the effect of experimental conditions on conversion is higher at milder 
conditions, and this effect is less to observe as the severity of conditions are gradually increased 
[58]. 
 
 
Figure 22 Comparison of MAT conversion over, (■) E-Cat; (×) MFI-30; (▲) MFI-80; (●) MFI-280 and (♦) MFI-2000. 
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Figure 23 Comparison of MAT conversion over, (■) E-Cat; (♦) -SVR-40; (■) -SVR-80; (▲) -SVR-120; (×) -SVR-silica; (+) FER-9 and (●) FER-27 
 
Catalyst to oil (C/O) ratio at constant conversion gave an indication about the activity of each 
catalyst. As shown in (Table 15), this value was not affected significantly by the change in MFI 
Si/Al ratio. However, it ranged between 2-2.5 for MFI-23 to MFI-280, and between 3-3.5 for 
MFI 500 to MFI-2000 (Table 15). The value for E-Cat was 3.1. The relatively lower values over 
MFI-23 to MFI-280 may be explained by the higher amount of acid sites in these additives 
compared to the additives MFI-500 to MFI-2000. It is known that the acidity of FCC catalyst 
plays a key role in VGO conversion [80]. C/O ratio at 70 % conversion ranged in 2.4-4.6 g/g 
over -SVR-40 to -SVR-120. The value was higher over -SVR-silica at 6.0 g/g. This can be 
attributed to lower acid sites density over -SVR-silica compared to other -SVR samples (Table 
14). Over FER framework type, C/O ratio at 70 % conversion ranged in 2.9-4.7 g/g (Table 16). 
The results showed that the general effects of adding the additives to E-Cat are to produce more 
gaseous products with increases in propylene and light olefins yields compared to E-Cat. 
50
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Gasoline yield is tending to decrease over the additives, however, with gain in research octane 
number (RON).  Detailed discussion on product yields is given in the following sections. 
For all framework types, hydrogen transfer reactions were minimized by increasing Si/Al ratio. 
As shown in Table 15, HTC was the highest over MFI-23 at 1.42; and decreased continuously 
with increasing Si/Al ratio to the minimum value of 0.38 over MFI-2000. The same trend is 
observed over -SVR and FER (Table 16). HTC decreased continuously from 0.7 over -SVR-40 
to 0.4 over -SVR-silica. Similarly, HTC was 0.8 over FER-9 and decreased to 0.4 over FER-27 
(Table 16). High Si/Al ratio gave the advantage of lowering the concentration of acid sites and, 
positively weakening the acidic function of the zeolite. At low density of acid sites, the 
adsorption of hydrocarbons is lowered which favor monomolecular reactions, i.e. cracking, 
rather than bimolecular reactions, i.e. hydrogen transfer [27]. 
5.2.2 LPG and light olefins yields (MFI framework type) 
Products distribution showed that LPG was the main product from gasoline over-cracking over 
MFI additives. At 70% conversion, LPG yield was 22.6 wt.% over E-Cat and this increased upon 
adding MFI additives (Table 15). LPG yield increased gradually from 34.1 wt.% over MFI-23 to 
reach a maximum at 37.3 wt.% over MFI-55 followed by a gradual decrease to 31.0 wt.% over 
MFI-2000. Ethylene yield exhibited a maximum over MFI-80 at 3.9 wt.% compared with 1.4 
wt.% over E-Cat. Ethylene yield was 3.1 wt.% and 1.7 wt.% over MFI-23 and MFI-2000, 
respectively (Table 15). 
Figure 24 shows the yields of propylene and propane versus conversion over E-Cat, MFI-55 and 
MFI-280. Over E-Cat, propylene yield increased from 5.4 wt.% to 8.8 wt.% with increasing 
conversion from 62 % to 76 % (Figure 24). Upon adding MFI additives, changing in propylene 
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yield with increasing conversion followed two scenarios. The first is a continuous drop in 
propylene yield with increasing conversion. This trend was observed over the additives with the 
lower Si/Al ratios, MFI-23, MFI-30 and MFI-55. In this case, the decrease in propylene yield 
with increasing conversion was side by side with a dramatic increase in propane yield. As shown 
in Figure 24 over MFI-55, upon increasing conversion from 68% to 81%, propylene yield 
decreased from 10.0 wt.% to 8.2 wt.% with a sharp increase in propane yield from 7.9 wt.% to 
15.0 wt.%. This is attributed to the high hydrogen transfer activity over the additives with low 
Si/Al ratios (high density of acid sites) which caused excessive saturation of propylene to 
propane. 
The second scenario is continuous increase in propylene yield with increasing conversion. This 
trend was observed over all MFI additives with Si/Al ratios of 80 and above. Figure 24 shows 
this case over MFI-280 where upon increasing conversion from 69% to 80%, propylene yield 
increased from 12.8 wt. % to 14.6 wt.% with a slow increase in propane yield from 2.5 wt.% to 
5.3 wt.%. In this case, low density of acid sites hindered hydrogen transfer reactions, as a result, 
limited propylene saturation to propane [18,28]. However, despite the two observed trends in 
changing of propylene yield with increasing conversion, at 70% conversion, all MFI samples 
increased propylene yield compared to E-Cat. 
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Figure 24 Yields of propylene (solid fill) and propane (no fill) over, (■) E-Cat; (▲) MFI- 55 and (●) MFI-280. 
 
Figure 25 shows the important product yields at 70% conversion (Propylene, light olefins and 
gasoline) as a function of Si/Al ratio of MFI additives. At 70% conversion, propylene yield over 
E-Cat was 7.0 wt.% and increased to 8.0 wt.% over MFI-23 (Table 15). Propylene yield continue 
to increase with increasing Si/Al ratio to reach a maximum of 12.9 wt.% over MFI-280 followed 
by slow decrease to 11.6 wt.% over MFI-2000 (Table 15 and Figure 25).  
C3 olefinicity over E-Cat was 0.86. This value dropped significantly to 0.46 over MFI-23 and 
then starts to increase gradually with increasing Si/Al ratio to reach a maximum of 0.90 over 
MFI-2000 (Table 15). The results showed a strong relationship between C3 olefinicity and HTC. 
The lowest value of C3 olefinicity over MFI-23 is attributed to the high HTC value (1.42) where 
high yield of propane is produced with low enhancement in propylene yield compared to E-Cat 
(Table 15). The gradual increase in C3 olefinicity from MFI-23 to MFI-2000 may be explained 
by the decrease in HTC as Si/Al ratio increases.  
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Figure 25 Propylene, light olefins and gasoline yields vs. MFI Si/Al molar ratio 
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Butenes yield was 7.7 wt.% over E-Cat and decreased to 6.9 wt.% over MFI-23 (Table 15). 
However, butenes yield increased with increasing Si/Al ratio to reach a maximum of 13.2 wt.% 
over MFI-2000. It has been reported that the rate of hydrogenation is much higher for i-olefins 
rather than n-olefins [63]. By this, it is expected that the effect of HTC is more to observe on 
butenes compared to other light olefins (ethylene and propylene). This explains the continues 
increase in butenes yield with increasing Si/Al ratio (along with HTC decreases) while ethylene 
and propylene yields both exhibited a maximum. 
The largest contribution of light olefins (C2-C4) was from propylene and butenes. Over E-Cat 
light olefins yield was 16.1 wt.% and increased to 18.0 wt.% over MFI-23. Light olefins yield 
increased with increasing Si/Al ratio to a maximum of 28.7 wt.% over MFI-280. This is followed 
by a slight decrease to 26.5 wt.% over MFI-2000. The increase in light olefins yield maybe 
attributed to the conversion of reactive gasoline-range species (mainly iso-paraffins and olefins). 
As shown in Figure 25, the observed trends in propylene and light olefins yields with increasing 
Si/Al ratio, i.e. continuous increase in the product yield up to a maximum value followed by a 
decrease as Si/Al ratio is further increased, suggest the presence of two affecting factors 
balanced against each other: the catalyst activity in cracking gasoline range reactive species to 
produce light olefins, and the ability to preserve light olefins from saturation to paraffins. The 
contentious enhancement in propylene and light olefins yields in the more acidic region from 23 
to 280 (Figure 25), suggests that the affecting factor is the continuous suppression of hydrogen 
transfer reactions as Si/Al ratio increases. However, in the low acidic region from 280 to 2000, 
the yields of propylene and light olefins starts to slightly decrease despite the fact that HTC is 
still getting lower. Most probably, the weak and low density acid sites on these additives are less 
able to over-crack the gasoline. This is supported by the increase in gasoline yield from Si/Al 
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ratio of 55 to 2000 (Figure 25). The results present MFI-280 as the point that strikes a balance 
between suppression of hydrogen transfer reactions and catalyst activity in over-cracking gasoline for 
maximum propylene production. 
5.2.3 LPG and light olefins yields (-SVR and FER framework type) 
LPG yield increased gradually with increasing Si/Al ratio from 29.2 wt.% over -SVR-40 to reach 
a maximum at 35.6 wt.% over -SVR-120 followed by a decrease to 26.4 wt.% over -SVR-silica 
(Table 16). Ethylene yield exhibited a maximum over -SVR-120 at 2.6 wt.% compared with 1.4 
wt.% over E-Cat. Ethylene yield was 2.0 wt.% and 1.6 wt.% over -SVR-40 and -SVR-silica, 
respectively (Table 16). FER-9 yielded more LPG at 33.5 wt.% compared to 28.1 wt.% for FER-
27. Ethylene yield over FER-9 was the highest among all the additives at 4.6 wt.%. 
Figure 26 shows the important product yields at 70% conversion (Propylene, light olefins and 
gasoline) as a function of -SVR Si/Al ratio. -SVR showed a similar pattern to MFI (Figure 2 and 
3). At 70% conversion, propylene yield over E-Cat was 7.0 wt.% and increased to 8.9 wt.% over 
-SVR-40 (Table 16 and Figure 26). Propylene yield continue to increase with increasing Si/Al 
ratio to reach a maximum of 13.5 wt.% over -SVR-120 followed by a decrease to 9.1 wt.% over -
SVR-silica. Over E-Cat, light olefins yield was 16.1 wt.% and increased to 21.3 wt.% over -
SVR-40. Light olefins yield increased with increasing Si/Al ratio to a maximum of 28.9 wt.% 
over -SVR-120. This is followed by a decrease to 21.9 wt.% over -SVR-silica. Similar to MFI 
zeolites, the increase in propylene and light olefins yields with the increase in Si/Al ratio 
between -SVR-40 and -SVR-80 is attributed to the decrease in HTC from 0.7 to 0.5 (Table 16). 
However, over -SVR-silica, the yields of propylene and light olefins decreased despite the fact 
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Figure 26 Propylene, light olefins and gasoline yields vs. -SVR Si/Al molar ratio 
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that HTC is still getting lower. Most probably, the weak and low density acid sites on -SVR-
silica are less able to over-crack the gasoline. This is supported by the increase in gasoline yield 
between -SVR-120 and -SVR-silica (Figure 26). 
For FER, the decrease in Si/Al ratio favored the production of propylene and light olefins. FER-9 
yield of propylene and light olefins was 12.7 wt.% and 26.4 wt.%, respectively, compared to 
10.9 wt.% and 24.0 wt.%, respectively, over FER-27 (Table 16). Lower Si/Al ratio increased the 
density of acid sites and as a result, enhanced the cracking of gasoline range reactive species to 
light olefins. This is supported by the lower yield of gasoline over FER-9 at 26.5 wt.% compared 
to 36.4 wt.% over FER-9 (Table 16). 
The results showed a strong relationship between C3 olefinicity and HTC for both -SVR and 
FER. C3 olefinicity increased from 0.77 over -SVR-40 to 0.89 over -SVR-silica and, from 0.73 
over FER-9 to 0.89 over FER-27 (Table 16). 
5.2.4 Dry gas yield and coke formation 
For all zeolite framework types, the increase in dry gas yield may be attributed mainly to the 
increase in ethylene yield. Other dry gas components (H2, C1 and C2) were produced in low 
yields with insignificant changes compared to E-Cat and with changing Si/Al ratio (Tables 15 
and 16). Hence, dry gas variation with changing Si/Al ratio followed the same trend of ethylene. 
Over MFI, dry gas yield exhibited a maximum over MFI-80 at 6.2 wt.% compared with 3.3 wt % 
over E-Cat. Dry gas yield was 5.6 wt.% and 3.4 wt.% over MFI-23 and MFI-2000, respectively 
(Table 15). Over -SVR, dry gas yield varied between 3.1 wt.% and 4.0 wt.%. FER-9 exhibited 
the highest dry gas yield among all additives at 7.6 wt.%. Dry gas yield was 4.1 wt.% over FER-
27 (Table 16). 
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The low yields of methane, ethane and ethylene, is attributed to the carbenium ion mechanism 
[18]. The formation of these products requires the reaction to proceed through primary 
carbenium ion, which is very unstable. However, the increases in ethylene yield over the 
additives maybe attributed to their smaller pore structure compared to E-Cat. Smaller pore 
structure provides more interactions between the catalytic surface and the carbenium ion. This 
provides more stabilization to reaction intermediates and, as a result, enhancement in ethylene 
yield [26]. 
Coke amount did not change much upon adding the additives and did not show much correlation 
with Si/Al ratio. Over E-Cat and all framework types, coke amount was in the range of 1.1-2.4 
wt.% (Tables 15 and 16). 
5.2.5 Gasoline yield and composition 
Gasoline yield was 42.9 wt.% over E-Cat and dropped over all additives as compared to E-Cat. 
Over MFI, gasoline yield dropped to 28.7 wt.% and 25.5 wt.% over MFI-23 and MFI-55, 
respectively. This is followed by a continuous increase in gasoline yield with increasing Si/Al 
ratio to 34.2 wt.% over MFI-2000 (Table 15 and Figure 25). Figure 27 shows LPG and gasoline 
yields as a function of MFI Si/Al ratio. The decrease in gasoline yield was balanced by an 
increase in LPG yield. For instance, the lowest gasoline yield of 25.5 wt.% over MFI-55 was 
associated with the highest LPG yield at 37.3 wt.% (Table 15). 
Hydrogen transfer reactions consume the gasoline-range olefins to less reactive species, i.e. 
aromatics. As a result, gasoline reactivity to gaseous products decreases. This might explains the 
higher yield of gasoline over MFI-23 and MFI-30 compared to MFI-55. 
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Over -SVR, gasoline yield was 34.9 wt.% over -SVR-40 and decreased gradually to 28.9 wt.% 
over -SVR-120. This is followed by an increase to 39.1 wt.% over -SVR-silica (Table 16 and 
Figure 26). Gasoline yield was 26.5 wt.% and 36.4 wt.% over FER-9 and FER-27, respectively 
(Table 16). 
 
 
Figure 27 Yields of (♦) LPG and (♦) gasoline vs. MFI Si/Al molar ratio 
 
The percentage increase in propylene yield for a unit decrease in gasoline yield (%C3=/gasoline) 
gives an indication about selectivity for propylene from conversion of gasoline-range reactive 
species to lighter products (C2-C4). Over MFI additives, (%C3=/gasoline) was the lowest over 
MFI-23 at 1.08% and increased gradually with increasing Si/Al ratio to reach a maximum of 
~7.8% in the region of high Si/Al ratio (500-2000). Over -SVR, (%C3=/gasoline) increased step 
by step from 3.8% over -SVR-40 to 9.7% over -SVR-silica. Similarly, (%C3=/gasoline) 
increased with increasing Si/Al ratio for FER. The values were 5.2% and 8.7% over FER-9 and 
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FER-27, respectively. The results showed a strong inverse correlation between (%C3=/gasoline) 
and HTC. Additives with high Si/Al ratio have less density of acid sites. This allowed product 
molecules to desorb as olefins, i.e. less conversion of propylene to propane. 
The composition of gasoline fraction (n-paraffins, iso-paraffins, olefins, naphthenes and 
aromatics) over E-Cat, MFI-30, MFI-280 and MFI-2000 at 70% conversion is shown in Table 
17. Gasoline compositions over -SVR and FER are shown in Table 18. For all framework types, 
iso-paraffins and olefins were the most reactive species in gasoline fraction, while n-paraffins 
content did not change much compared to E-Cat. Cracking of iso-paraffins was enhanced 
remarkably over the additives as it contents dropped to 4.0-17 wt.% in gasoline fraction 
compared to 27.3 wt.% over E-Cat. However, no trend was observed in iso-paraffins with 
changing Si/Al ratio (Tables 17 and 18). 
Table 17 Gasoline compositions at (70%) conversion over E-Cat and MFI additives. 
Catalyst Base E-Cat E-Cat/ 25wt.% additive 
MFI-30 MFI-80 MFI-280 MFI-2000 
Compositions (wt.%)  
n-paraffins 2.1 0.9 1.2 2.7 3.5 
iso-paraffins 27.3 12.8 11.9 13.3 17.5 
Olefins 20.9 3.6 7.3 14.7 18.5 
Naphthenes 7.7 1.6 2.4 8.1 9.2 
Aromatics 41.9 81.1 77.2 61.3 51.4 RONa 80.0 92 90 86 8١ a Research Octane Number by GC PIONA.  
The conversion of gasoline-range olefins to light olefins (C2-C4) was possible by direct cracking 
at the high temperature 550 oC [64]. Gasoline-olefins were heavily consumed over MFI with low 
Si/Al ratio. Gasoline-olefins content was 3.6 wt.% over MFI-30 and increased gradually with 
increasing Si/Al ratio to 18.5 wt.% over MFI-2000 (Table 17). Similar trend to MFI is observed 
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over -SVR. Gasoline-olefins content was 10.0 wt.% over -SVR-40 and increased to 26.1 wt.% 
over -SVR-silica. FER-9 gasoline-olefins content was 7.2 wt.% and increased to 31.5 wt.% over 
FER-27 (Table 18).  
Gasoline naphthenes were consumed by dehydrogenation reactions to aromatics and by cracking 
to olefins [63]. Naphthenes were almost completely consumed over MFI-23 and MFI-80 as it 
content dropped to ~2%. Naphthenes content did not change much over MFI-280 and MFI-2000 
(Table 17). Naphthenes content ranged between 4.0-7.9 wt.% over -SVR and between 9.7-12.7 
wt.% over FER. For all framework types, consumption of olefins and naphthenes matches an 
increase in aromatic contents. Additives with low Si/Al ratio were more able to hydrogenate 
naphthenes to aromatics. For instance, aromatics content increased significantly over MFI-23 to 
81.1 % and decreased with increasing Si/Al ratio to 51.4 % over MFI-2000 (Table 17). 
Table 18 Gasoline compositions at (70%) conversion over -SVR and FER additives. 
Catalyst Base E-Cat E-Cat/ 25wt.% additive 
-SVR-40 -SVR-80 -SVR-120 -SVR-silica FER-9 FER-27 Compositions (wt.%)    
n-paraffins 2.1 1.8 2.6 1.5 1.7 1.1 2.3 
iso-paraffins 27.3 3.0 4.8 4.0 10.8 4.4 11.7 
Olefins 20.9 10.0 13.6 16.9 26.1 7.2 31.5 
Naphthenes 7.7 4.4 4.0 5.2 7.9 9.7 12.7 
Aromatics 41.9 80.9 75.0 72.4 53.5 77.6 41.8 RONa 80.0 89.0 87.6 84.5 85.0 89.5 82 a Research Octane Number by GC PIONA.  
Research octane number (RON) of gasoline was enhanced over the additives by direct 
correlation to the increase in aromatics content. RON was 80 over E-Cat, and increased to 92, 90 
and 86 over MFI 30, MFI-80 and MFI-280, respectively (Table 17). MFI-2000 did not increase 
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RON due to medium increase in aromatics content with decreases in iso-paraffins. RON over -
SVR ranged between 85-89 and between 82-89 over FER (Table 18). 
5.3 Kinetic study 
Kinetic study was performed to investigate the effect of Si/Al ratio on activation energies for 
VGO catalytic cracking over E-Cat and the additives MFI-30, MFI-280 and MFI-2000. 4-lump 
kinetic model was used to represent VGO cracking kinetics as described in Section 4.3. 
The estimated rate constants and apparent activation energies are shown in Table 19, along with 
their 95 % confidence level which shows that the values are estimated quite precisely. 
Experimental and calculated VGO conversion as a function of reaction temperature at different 
C/O ratios is shown in Figure 28. It can be seen that the model prediction of experimental values 
is satisfactory. 
 
Table 19 Estimated kinetic parameters for VGO catalytic cracking over E-Cat and the additives MFI-30, MFI-280 and MFI-2000 
Catalyst Base E-Cat E-Cat/ 25wt.% additive   MFI-30 MFI-280 MFI-2000 Parameter     E12a 14.2 ± 0.1 13.2 ± 0.3 12.7 ± 0.1 13.1 ± 0.2 ko-12b 58.4 ± 1.5 51.9 ± 1.5  59.1 ± 0.9 61.0 ± 0.5 E13a 18.0 ± 0.3 18.3 ± 0.9 17.4 ± 0.2 18.3 ± 0.9 ko-13b 19.6 ± 0.2 58.1 ± 0.05 45.9 ± 0.1 48.7 ± 0.13 E14a 12.2 ± 0.4 16.9 ± 0.1 13.7 ± 0.5 12.3 ± 0.5 ko-14b 1.7 ± 0.01 4.2 ± 0.02 3.8 ± 0.2 3.3 ± 0.01 E23a 17.3 ± 0.2 14.2 ± 0.1 15.8 ± 0.2 16.3 ± 0.1 ko-23c 8.6 ± 0.2 14.1 ± 0.1 14.9 ± 0.08 7.8 ± 0.1 α (h-1) 12.1 ± 0.04 16 ± 0.1 15 ± 0.3 12 ± 0.1 a kcal/mol 
b (weightfraction h)-1 
c h-1 
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Figure 28 Predicted (lines) and experimental (symbols) conversion for E-Cat and the additives MFI-30, MFI-280 and 
MFI-2000 at C/O ratio of (Δ) 2; (○) 4 and (□) 6. 
 
Comparison between experiments and model prediction for VGO, gasoline, gas and coke yields 
as a function of conversion at reaction temperatures 550 oC is shown in Figure 29. A drop in 
gasoline yield curve is observed at high conversions above 75%. In contrary, gases yield 
increased continuously with increasing conversion. This trend is attributed to the overcracking of 
gasoline to gases. 
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Over E-Cat, the apparent activation energies for cracking of VGO to gasoline (E12) and VGO to 
gas (E13) were 14.2 kcal/mol and 18.0 kcal/mol, respectively (Table 19). These values did not 
change much over MFI additives and ranged in 12.7 - 13.2 kcal/mol for E12 and 17.4 - 18.3 
kcal/mol for E13.  
The effect of Si/Al ratio on activation energies was observed on E23. Over E-Cat, the value was 
17.3 kcal/mol and dropped to 14.2, 15.8 and 16.3 kcal/mol over MFI-30, MFI-280 and MFI-2000 
respectively (Table 19). The results showed that the continuous increase in acid sites density 
along with the decrease in Si/Al ratio from 2000 to 30; resulted in the decrease in E23 from 16.3 
kcal/mol to 14.2 kcal/mol. The effect of MFI acid sites density on the activation energies E12 
and E13 was not observed as E23. This might be attributed to the limited access of VGO 
molecules to the active sites in MFI structure. 
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Figure 29 Predicted (lines) and experimental (symbols) for the yields of (□) VGO; (○) gasoline; (Δ) gas and (◊) coke over E-Cat and the additives MFI-30, MFI-280 and MFI-2000 at reaction temperature 550 oC. 
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6 CHAPTER 6 
CONCLUSIONS AND RECOMMENDATIONS 
6.1 Conclusions 
A series of zeolites with different pore structures and different Si/Al molar ratios was used as 
FCC catalyst additives in the cracking of Arabian Light VGO to enhance propylene productions. 
At comparable Si/Al molar ratios, main conclusions are summarized as follows:  
1.  All zeolite additives increased the conversion of the base catalyst. However, mesoporous 
character of MCM-36 favored the diffusion of reactants and products and hence, the 
highest conversion among different additives was obtained. 
2. Hydrogen transfer reactions (which were monitored by hydrogen transfer coefficient) had 
a great impact on product yields and quality. Decreased rate of hydrogen transfer 
reactions increased propylene yield. 
3. Maximum propylene and light olefins yields of 10.9 wt.% and 24.0 wt.%, respectively, 
were achieved over ferrierite compared with 7 wt.% and 16.1 wt.% over E-Cat. Smaller 
pore size openings of ferrierite suppressed hydrogen transfer reactions as they do not 
accommodate bulky bimolecular reaction intermediates. 
4. High propylene and light olefins yield over MCM-36 as compared to MCM-22, shows 
the advantages of mesoporous in reducing HTC. Mesoporous lowers the real contact time 
and as a result, improves products quality.  
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5. Detailed product analysis showed that the decrease in the gasoline yield was due to the 
cracking of gasoline-range iso-paraffins and olefins. The increase in gasoline aromatics 
content over E-Cat/additives increased research octane number. 
6. Results of the kinetic study showed that E-Cat/SSZ-74 has lower activation energy for 
the reaction of gasoline to gases compared to E-Cat. 
Main conclusions for the effect of additives Si/Al molar ratio are summarized as follows: 
1. Increasing Si/Al molar ratio minimized hydrogen transfer reactions. High Si/Al molar 
ratio gave the advantage of lowering the concentration of acid sites and, positively 
weakening the acidic function of the zeolite. This favored monomolecular reactions 
rather than bimolecular reactions. 
2. At high Si/Al molar ratio, over-cracking of gasoline is low due to decreased 
concentration of acid sites. 
3.  For maximum propylene production, there is a point that strikes a balance between 
suppression of hydrogen transfer reactions and catalyst activity in over-cracking gasoline 
to propylene. 
4. The point for maximum propylene production for MFI framework type was over MFI-
280 at 12.8 wt.% propylene yield compared to 7.0 wt.% over E-Cat. While for -SVR 
framework type, maximum propylene yield was over -SVR-120 at 13.5 wt.%. 
5. Results of kinetic study showed that the activation energy for cracking reactions from 
gasoline to gases decreased with decreasing Si/Al molar ratio, in direct relation to the 
increased concentration of acid sites. 
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6.2 Recommendations 
1. Zeolites SSZ-74, ferrierite and MCM-36 showed superior propylene yield to ZSM-5. It is 
desired to evaluate these additives in more advanced reactors such as Advanced Cracking 
Evaluation (ACE) pilot plant. 
2.  Deactivation of zeolites to investigate their thermal and hydrothermal stability will be 
with great value. Deactivated zeolites have different activity and selectivity of freshly 
ones. The rate of dealumination can affect propylene yield during FCC operation. 
3. Kinetic modeling based on molecular description is desired. This will give better insight 
on additives role on different reaction pathways to produce propylene. 
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